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Abstract
The aim o f this study was to investigate the effects of biosurfactants and organic 
matter amendments on the bioremediation of diesel contaminated soil.
Two strains o f Pseudomonas aeruginosa with the ability to produce biosurfactant 
were isolated from a water and soil sample in Co. Sligo. The first strain, Isolate A, 
produced a biosurfactant which contained four rhamnose containing compounds, 
when grown in proteose peptone glucose ammonium salts medium with glucose as 
the carbon source. Two of the components were identified as rhamnolipid 1 and 2 
whilst the other two components were unidentified. The second strain, Isolate GO, 
when grown in similar conditions produced a biosurfactant which contained only 
rhamnolipid 2.
The type of aeration system used had a significant effect on the abiotic removal of 
diesel from soil. Forced aeration at a rate o f 120L 02/kg soil/ hour resulted in the 
greatest removal. Over a 112 day incubation period this type o f aeration resulted in 
the removal o f 48% o f total hexane extractable material. In relation to bioremediation 
of the diesel contaminated sandy soil, amending the soil with two inorganic nutrients, 
KH2PO4 and NÜ4N 03, significantly enhanced the removal o f diesel, especially the «- 
alkanes, when compared to an unamended control.
The biosurfactant from Isolate A and a biosurfactant produced by Pseudomonas 
aeruginosa NCIMB 8628 (a known biosurfactant producer), when applied at a 
concentration o f three times their critical micelle concentration, had a neutral effect 
on the biodégradation o f diesel contaminated sandy soil, even in the presence o f 
inorganic nutrients. It was deduced that the main reason for this neutral effect was 
because they were both readily biodegraded by the indigenous microorganisms.
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The most significant removal o f diesel occurred when the soils were amended with 
two organic materials plus the inorganic nutrients. Amendment o f the diesel 
contaminated soil with spent brewery grain (SBG) removed significantly more diesel 
than amendment with dried molassed sugar beet pulp (DMSBP). After a 108 day 
incubation period, amendment o f the diesel contaminated soil with DMSBP plus 
inorganic nutrients and SBG plus inorganic nutrients resulted in 72 and 89% removal 
of diesel range organics (DRO), in comparison to 41% removal o f DRO in an 
inorganic nutrient amended control. The first order kinetic model described the 
degradation of the different diesel components with high correlation and was used to 
calculate Vi lives. The V2 life, o f the total «-alkanes in the diesel was reduced from 40 
days in the control to 8.5 and 5.1 days in the presence o f DMSBP and SBG, 
respectively. The V2 life o f the unresolved complex mixture (UCM) in the diesel 
contaminated soil was also significantly reduced in the presence o f the two organics. 
DMSBP and SBG addition reduced UCM V2 life to 86 and 43 days, respectively, 
compared to 153 days in the control. The component o f diesel whose removal was 
enhanced the greatest through the organic material amendments was the isoprenoid, 
pristane, a compound which until recently was thought to be nonbiodegradable and 
was used as an inert biomarker in oil degradation studies. The V2 life o f pristane was 
reduced from 533 days in the nutrient amended control to 49.5 and 19.5 days in 
DMSBP and SBG amended soils. These results indicate that the addition o f the 
DMSBP and SBG to diesel contaminated soil stimulated diesel biodégradation, 
probably by enhancing the indigenous diesel degrading microbial population to 
degrade diesel hydrocarbons, whilst the addition o f biosurfactants had no enhanced 
effect on the bioremediation process.
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Abbreviations
API American petroleum institute
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1.1 Introduction
In recent years the demand for petroleum as a source o f energy and as a primary raw 
material for the chemical industry has resulted in an increase in worldwide consumption 
from 436 million tons in 1,950 to 3,423 million tons in 1998 (Molitor, 2002). Petroleum 
hydrocarbon products are used extensively in modem society. Products such as gasoline, 
petrol, diesel and jet fuels are used in the transportation industries, while the 
manufacture o f chemicals which use petroleum as a base include plastics, 
pharmaceuticals, pesticides, herbicides and detergents. Along with this increase in 
production, there has been an increase in incidents o f both accidental and deliberate 
release o f petroleum products into our environment, most o f which are associated with 
the manufacture, transport and storage o f fuel.
Although tanker disasters, while transporting oil products from the major oil-producing 
countries to the major oil consuming countries receive the most public attention, such 
incidents contribute only about 5% o f the total petroleum hydrocarbons entering the 
oceans annually. The major sources o f oil pollution are in fact from municipal and 
industrial wastes and run-offs, leaks in pipes and storage tanks (Wraige, 1997).
The past decade has witnessed a dramatic increase in awareness o f the potential 
problems associated with improper handling and storage of petroleum. In the United 
States alone, literally hundreds o f thousands o f incidents o f identified soil, ground water 
and/or surface water contamination have been traced to the storage o f petroleum at the 
millions o f tanks across the country. As o f September 2001, state and local environment 
agencies in the US have reported 418,918 confirmed releases from leaking underground 
storage tanks (UST), with the numbers increasing continuously (USEPA, 2002). At 
present in Ireland there is no such data available on releases from UST, but due to the 
large number o f both used and unused petrol stations throughout the country it is 
expected that a certain percentage have developed problems and are releasing petroleum 
products into the environment.
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Domestic fuel oil storage tanks are another area from which large quantities o f 
petroleum products are released into the environment. In Ireland, the comparatively 
recent trend in change-over from the traditional solid fuel heating systems to the more 
convenient fuel oil systems has resulted in an increase in the number o f these above 
ground storage tanks. Improper filling and maintenance o f there storage tanks results in 
the release o f fuel oil into ground in residential areas.
Releases o f petroleum products are not only physically harmful to the environment, but 
they are also chemically harmful because they contain many toxic compounds in 
relatively large concentrations (Gold-Bouchot et al., 1997). As a result, soils 
contaminated with petroleum products must be treated in a proper manner.
Soil treatment technologies are often developed and evaluated in order to conform with 
regulatory demands, which may require or suggest that residual total petroleum 
hydrocarbon (TPH) concentrations in soil be reduced to certain levels.
Various technologies exist for remediating soils contaminated with petroleum products, 
however the treatment selected will depend upon contaminant and site characteristics, 
regulatory requirements, costs, and time constraints (Ram et a l , 1993). Even though 
there are numerous treatments available, they can all be divided into two broad 
categories, physical/chemical technologies and biological technologies. O f these two 
technologies, biological remediation (bioremediation) is emerging as the most cost 
effective treatment for hydrocarbon polluted soils, especially when contaminated with 
medium-distillate fuel such as diesel oil, jet fuel, and No.2 heating oil (Wang and 
Bartha, 1994). Bioremediation has been defined by King et a l (1997) as “A treatability 
technology that uses biological activity to reduce the concentration or toxicity o f a 
pollutant. It commonly uses processes by which microorganisms transform or degrade 
chemicals in the environment.”
Bioremediation options can be further divided into categories according to where the 
process takes place. In-situ  bioremediation is the treatment o f the contaminant in place,
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while ex-situ technologies involve the removal o f  the contaminated material for 
treatment elsewhere. The main advantage of in-situ treatment is that it allows soil to be 
treated without being excavated and transported, resulting in potentially significant cost 
savings. However, in-situ treatment generally requires longer time periods, and there is 
less certainty about the uniformity o f  treatment because o f the variability in soil and 
aquifer characteristics and because the efficacy o f the process is more difficult to verify. 
On the other hand the main advantage o f ex-situ treatment is that it generally requires 
shorter time periods than in-situ treatment, and there is more certainty about the 
uniformity o f  treatment because o f the ability to homogenize, screen, and continuously 
mix the soil. However, ex-situ treatment requires excavation o f soils, leading to 
increased costs for engineering and equipment, possibly requirement o f permits, and also 
material handling and worker exposure may need consideration.
Bioremediation o f hydrocarbon contaminated sites can be limited by many factors, 
including nutrient limitation (usually nitrogen and phosphorus), oxygen supply, 
bioavailability o f the diesel, bacterial biomass and the toxicity o f the pollutant to the 
microorganisms degrading the diesel (Piehler et a l , 1999)
In the past, numerous studies (Radwan et a l , 1995; Venosa et a l, 1996; Sikdar and 
Irvine, 1998; and Taylor and Viraraghavan, 1999) have shown that the addition o f 
nutrients in various forms increased the rates o f hydrocarbon bioremediation. In relation 
to bioavailability o f  petroleum products, surfactants which are chemicals that contain 
both a hydrophilic and a hydrophobic portion and lower both the surface and interfacial 
tension o f  liquids, are thought to improve bioremediation by increasing the 
bioavailability o f water insoluble compounds, such as diesel hydrocarbons. However, a 
review o f the literature has shown that there are inconsistent reports in relation to 
surfactant addition, with some authors (Jain et a l , 1992; and Herman et a l , 1997) 
suggesting that surfactants enhanced bioremediation processes, while others (Fu and 
Alexander, 1995; Roch and Alexander, 1995; Deschenes et a l , 1996; and Stelmack et 
al., 1999) reported that surfactants inhibited bioremediation processes. This is why 
further work on the subject is required.
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Review articles on bioremediation o f hydrocarbon contamination have mainly focused 
on environmental factors, i.e. temperature, moisture and oxygen, affecting microbial 
degradation o f organic contaminants (Radwan et a l , 1995; Admassu and Korus, 1996; 
and Rosenberg and Ron, 1996). It is only in the past number o f years that the effects of 
addition o f organic material to contaminated soil (more commonly referred to as 
composting) has been investigated. Composting o f yard waste and municipal solid waste 
has been performed for decades. However, composting o f contaminated soils is still an 
emerging technology. In the composting o f contaminated soil, organic amendments such 
as animal manure, yard wastes and food processing wastes may be added as a means o f 
increasing the amount o f nutrients and readily degradable organic matter which are 
normally deficient in soil (USEPA, 1996a). Other examples o f organic amendments used 
include bark chip (Jorgensen et a l , 2000) sewage sludge and compost (Whang, 1999), a 
mixture o f glucose and peptone (Radwan et a l, 2000), protein hydrolysate (Harrison et 
al., 2000) and ground sterile com-slash (Piehler el a l, 1999). The addition of organic 
material to hydrocarbon contaminated soils is thought to enhance the bioremediation 
process by increasing the overall microbial activity and also by enhancing the activity of 
specific hydrocarbon degraders. The use o f dried molassed sugar beet pulp and spent 
grain have huge potential as energy and nutrient sources in the biodégradation o f 
hydrocarbon contaminated soils since these materials are rich in organic matter and 
inorganic nutrients.
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1.2. Selection of target contaminants
In Ireland the major fuel oils in storage tanks are diesel oil, petrol and kerosene. 
Remediation o f soil contaminated with these hydrocarbons is o f growing concern due to 
the ubiquitous contamination by them.
Diesel oil is one o f the major fuel oils used world wide. In Ireland, diesel fuels are 
widely used as fuel for commercial trucks, agricultural machinery, railroad locomotives, 
industrial engines and domestic heating systems. Diesel is also used as a solvent to clean 
moving parts because the paraffins in diesel form a thin waxy coat that protects the 
metal parts from corrosion (Hwang, 1999). Although no information on the volume o f 
soil contaminated with diesel is available in Ireland as o f yet, it is anticipated that due to 
it widespread usage, contamination o f environments with diesel fuels is inevitable. For 
these reasons, diesel oil was selected as the target contaminant for this research.
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2. Literature Review
2.1 Composition of diesel
2.1.1 Description of diesel
Diesel fuels are classified as middle distillates and are denser than petrol. They are a 
complex combination o f hydrocarbons produced by the distillation o f crude oil. The 
product definition for diesel oil in the U.S. Chemical Substances Inventory (2002) under 
the Toxic Substance Control Act is the following:
D iesel Oil ( CAS No. 68334-30-5)
A complex combination o f hydrocarbons produced by the distillation of crude oil. It 
consists o f hydrocarbons having carbon numbers predominately in the range o f C9-C20 
and boiling in the range o f approximately 163-357°C.
This U.S. definition encompasses both diesel fuel N o.l and diesel fuel No.2. Diesel fuel 
N o.l is essentially kerosene and can be characterised as a straight-run petroleum 
distillate with a boiling range o f 150° to 400°C and consists predominately o f 
hydrocarbons with carbon numbers in the range of C9 to Ci6. Diesel fuel No.2 or 
automotive and railroad diesel fuel, is defined as the fraction o f petroleum that distillates 
after kerosene. It is generally a blend o f straight-run and catalytically cracked streams 
having a boiling range generally o f 160° to 360°C (Millner et al.f 1992). A third diesel, 
referred to as diesel fuel No. 4, or marine diesel, is less volatile and more viscous than 
diesel fuel No. 2 and is generally classed as a residual fuel. Diesel fuel No. 4 normally 
contains up to 15% residual oil components (Millner et a l , 1992).
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D ie se l fuels have m any com m ercial uses. D ie se l fuel N o . 1 is  used as rocket and je t 
engine fuel, dom estic heating, solvent, in secticid e sprays and as a m otor fuel fo r lig h t 
m otors. D ie se l N o. 2 is  used in  d rillin g  flu id s and as fuel fo r trucks, ships, and other 
heavy autom otive equipm ent. It  is also  used in  large quantities fo r residential o il burners. 
R e sid u al fu e ls o ils, such as d iesel N o . 4 have been used to process steam fo r e lectric 
plants, and in  other in dustries such as m aritim e industry, plants and factories, and the 
petroleum  industry. D ie se l N o. 4 has also  been used fo r space and w ater heating, 
p ip eline pum ping, and gas com pression.
D ue to the com plex com position o f diesel fuels it is  d iffic u lt to define their p h ysical and 
chem ical properties. C ustance et al. (1 9 9 2 ) presented p h ysical and chem ical properties 
o f diesel o il (see T ab le 2 .1 ). From  the table it can be seen that the so lu b ility  o f diesel o il 
w as reported as 0.2 m g/L and the density as 0.84 g/m l. O ther properties w h ich  are used 
to define diesel are, v isco sity  o f 1.4 to 26.5 (m m 2/s ), su lfu r content <  1.0 (%  by w eigh t), 
cetane num ber o f  30  to 60 and a flash point o f  > 5 5  °C.
T a b le  2 .1. P h ysical and chem ical properties o f  fresh diesel fuel (C ustance et al., 1992).
Value
D en sity  (g /m L ) 0 .8 4
A q u eo u s  so lu b ility  (m g /L ) 0 .2
V a p o r  p re ssu re  (m m H g ) 0 .03
D iffu s io n  co e ffic ie n t in  a ir  (cm V sec) 4 .6 3  x 10~2
H e n ry ’s la w  c o n s ta n t (a tm _m V m ol) 4 .2 x  10'2
L o g  o rg an ic  c a rb o n -w a te r  p a r titio n  co e ffic ie n t (L /K g ) 3 .0 4
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2.1.2 Chemical composition of diesel
A s diesel N o .2  fuel w as used in  th is study th is d iesel is  discussed in  greater detail. The 
chem ical com position o f  diesel N o . 2 fuel varies con sid erab ly depending on the o rig in  o f  
the crude o il and the m anufacturing process used (M illn e r, 1992). D ie se l co n sists o f  
com plex m ixtures o f a lip h atic and arom atic hydrocarbons. The alip h atic alkanes, 
(p a ra ffin s) and cyclo alkan e s (naphthenes) are hydrogen saturated and com pose 
approxim ately 64%  o f the diesel fuel. A ro m atic (e.g. benzene) and o le fin s (e.g. styrene 
and indene) com pose 35 %  and 1-2% , resp ectively, o f  diesel fuel (A g e n cy fo r T o x ic  
Substances and D isease R e g istry, 2002). D ie se l fu e ls can also  contain sm all am ounts o f 
n-hexane, benzene, toleune, ethylbenzene, and xylene. H ow ever, in  general the 
concentrations o f these com pounds are re la tive ly  lo w  com pared to other com ponents in  
diesel (C ustance et al., 1992). The ty p ical range o f diesel N o .2  fuel is  C g-C 26, w ith the 
m ajority in  the C io  to C 20 range.
P ro bably the m ost com plete re vie w  o f  the chem ical com position o f  diesel N o .2  fuel is  
that published by the T o tal Petroleum  H yd ro carb o n C rite ria  W o rkin g  G roup 
(T P H C W G ), w h ich  as a w o rkin g  group w as convened in  1993 to address the large 
d isp arity  am ong cleanup requirem ents being used in  the U S  by different states, at sites 
contam inated w ith hydrocarbon m aterial such as fuels, lu b ricatin g  o ils  and crude o ils. 
T able 2.2 presents the chem ical com position o f  d iesel N o. 2 fuel (Potter and Sim m ons,
1998).
T a b le  2.2. Sum m ary o f  the com position o f  d iesel N o. 2 fuel o il (Potter and Sim on, 
1998)._______________ ______________ _______________________________ ____________
C o m pound  class C a rb o n
n u m b e r
C om pound A verage 
w eight %
A lkenes Total alkenes 1.3
A lkyl-M onoarom atics Total A lkyl-M onoarom atics 6.2
6 Benzene 0.029
7 Toluene 0.18
8 Ethylbenzene 0.068
8 m+p-Xylenes 0.22
8 o-Xylenes 0.043
8
T a b le  2.2 continued.
C o m pound  class C a rb o n
n u m b e r
C om pound A verage 
w eigh t %
8 Total Xylenes 0.5
9 1,3,5-Trim ethylbenzene 0.18
9 n-propylbenzene 0.039
10 1 “M ethyle-4-isopropylbenzene 0.015
10 n-Butylbenzene 0.038
Branched Alkanes 12 3 -M ethy lundecane 0.17
13 2-M ethyldodecane 0.28
14 3 -M ethyltridecane 0.19
15 2-M ethyltetradecane 0.48
19 Pristane 0.6-
20 Phytane 0.5
Cycloalkanes Total D icycloalkanes 14
Total M onocycloalkanes 19
Total Tetracycloalkanes 0.1
Total Tricycloalkanes 6.2
D iarom atics (except 
Naphthalenes)
Total Fluorenes 0.56
12 Biphenyl 0.063
13 Fluorene 0.082
13 Total M ethly biphenyls 0.053
14 Total M ethylfluorenes 0.2
15 Total D im ethylfluorenes 0.42
Inorganics Total N itrogen 0.0091
Total Sulfur 0.072
W ater 0.00052
M etals Arsenic 0.0000071
Cadm ium 0.000049
C hrom ium 0.00017
Iron 0.0037
M anganese 0.00032
M olybdenum 0.000014
Zinc 0.00031
M onoarom atics Total B enzocycloparaffins 6.3
Total Benzodicycloparaffins 3
Total D iaphthenobenzenes 1.8
Total Indenes 3.1
10 Total Indans and Tetralins 5.9
n-Alkanes 8 n-Octane 0.11
9 n-Nonane 0.38
10 n-Dccane 0.78
11 n-Undecane 1.4
12 n-Dodecane 1.7
13 n-Tridecane 2.1
14 n-Tetradecane 1.9
15 n-Pentadecane 2.6
n-Aikanes (continued) 16 n-Hexadecane 2.3
17 n-H eptadecane 2.2
18 n-Octadecanc 1.6
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T a b le  2*2 continued.
C o m pound  class C a rb o n
n u m b e r
C om pound A verage 
w eigh t %
19 n-Nonadecane 1
21 n-Heneieicosane 0.44
22 n-Docosane 0.31
24 n-Tetracosane 0.35
N aphthalenes Total Naphthalenes 3.1
10 N aphthalene 0.26
11 1 -M ethylnaphthalene 0.48
11 2-M ethylnaphthalene 0.89
11 Total M ethylnaphthalenes 0.29
12 1,3 -Dim ethylnaphthalene 0.97
12 1,4- D im ethylnaphthalene 0.18
12 1,5- D im ethylnaphthalene 0.29
12 Total D im ethylnaphthalenes 0.69
13 Total Trim ethylnaphtalenes 0.24
O ther 2-Azapyrene 0.00014
Total Thioarom atics 0.3
10 Ethylhexyl nitrate 0.2
12 D ibenzoyhiophene 0.015
13 1-M ethylcaibazol 0.0016
13 2- Methylcaxbazol 0.00048
13 3- M ethylcarbazol 0.00038
13 4- M ethylcarbazol 0.00076
14 1,2-D im ethylcaibazol 0.00058
14 1,3- Dim ethylcarbazol 0.00034
14 1,4- Dim ethylcarbazol 0.001
14 1,6- D im ethyldibenzothiophene 0.0067
14 2,6- D im ethyldibenzothiophene 0.02
14 2-Phenylindole 0.00038
15 6-Phenylquinoline 0.0007
16 2-Ethyldibenzothiophene 0.017
16 Benzo(def)carbazole 0.0003
18 9-Phenylcarbazole 0.00036
Polynuclear Arom atics Total Acenaphthenes 1.9
Total Acenaphthylenes 1.5
T  otal B iohenyls and 
Acenaphthenes
2.6
Total Phenanthrenes 0.31
Total Triarom atics 0.5
14 2-Am inoanthracene 0.0004
14 2-Am inophenanthrene 0.00024
14 3 - Am inophenanthrene 0.0002
14 4-Am inophenanthrene 0.00034
14 Anthracene 0.0058
14 Phenanthrene 0.088
15 1 -M ethylphenanthrene 0.0051
15 2-M ethylanthracene 0.0053
15 2-M ethylphenanthrene 0.16
15 3 -M ethylphenanthrene 0.0038
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T a b le  2.2 continued.
C o m pound  class C a rb o n
n u m b e r
C om pound A verage 
w eigh t %
15 4-& 9-M ethyIphenanthrene 0.0067
15 9 -Cyanoanthracene 0.00064
15 9-Cyanophenanthrene 0.00068
15 Total M ethylphenanthrenes 0.25
16 Fluoranthene 0.0059
16 Pyrene 0.0046
16 Total D im ethylphenanthrenes 0.057
17 1-M ethylpvrene 0.00029
17 2-M ethylpyrene 0.00028
17 Benzo(a)Fluorene 0.00028
18 1 -M ethyl-7-isopropyIphenanthrene 0.00066
18 Benz(a)anthracene 0.000096
18 Benzo(g,h, I) fluoranthene 0.000093
18 Chrysene 0.000015
18 C hiysene and Triphenylene 0.00012
18 Triphenylene 0.00033
20 Benzo(a)pyrene 0.00022
20 Benzo(b+k)fluoranhene 0.000031
20 Benzo(e)pyrene 0.000038
21 Cyclopenta(cd)pyrene 0.000068
22 Benzo(g,h,l)pervlene 0.000012
22 Indeno( 1 -2-3-cd)pryene 0.000016
22 Picene 0.000015
Total Arom atics Total Arom atics 22
Total Cycloalkanes Total Cycloalkanes 37
Total D iarom atics Total D iarom atics 6.3
Total M onoarom atics Total M onoarom atics 16
Total n-Alkanes Total n-Alkanes 13
Total Polynuclear 
Arom atics
Total Polynuclear Arom atics 0.36
Total Straight-Chain and 
Branched Alkanes
Total Straight-Chain and Branched 
A lkanes
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2.2 Release of diesel to the environment.
In  the U nited States alone the total production o f d istillate s, w h ich  in clud e diesel fuels, 
has increased from  16,240 thousand barrels per w eek in  A ugust 1982 to 2 6 ,71 9  thousand 
barrels in  June o f 2002 (E n e rg y  In fo rm atio n A dm in istratio n, 2002). A t every point in  the 
diesel production, d istribution, and consum ption process, diesel fu e ls are in v a ria b ly
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retained in  storage tanks. W ith b illio n s  o f  gallo n s o f  d iesel being stored throughout the 
w orld , the potential fo r a diesel sp ill is  sig n ifican t, and the effects o f  such s p ills  can pose 
serious threats to the environm ent.
D ie se l m ay be released to so il and w ater environm ents as a result o f fuel sp ills  from  
transport vessels o r from  fa c ilitie s  located adjacent to surface w aters, in  ru n o ff from  
in d u stria l fa cilitie s, o r from  the intentional d isp o sal o f  excess fuels dow n drains. D ie se l 
fu e ls m ay also  enter o ur environm ent as a result o f leaking aboveground and 
underground storage tanks and pipelines.
There is  no detailed inform ation availab le  on volum es o f d iesel sp ille d . H ow ever, trends 
are availab le  on w o rld w id e o il sp ills, w h ich  in clu d e  diesel sp ills. E tk in  (2 0 0 1 ) carried 
out a h isto rica l re vie w  and an alysis o f  reported o il s p ills  and found that in  the U nited 
States the total am ount o f o il sp ille d  in  the 1990s w as 134 m illio n  gallo ns, a sig n ifican t 
decrease from  the p re vio u s tw o decades w here 30 5 m illio n  g allo n s and 206 m illio n  
gallo ns o f o il w ere spilled. In  the U nited States m ost o f the o il sp ille d  in  the 1990s 
cam e from  fixe d  fa c ilitie s  and land pipelines. V e sse ls contributed o nly 15% , w h ile  
O uter Continental S h e lf explo ratio n and production fa c ilitie s  contributed o n ly 1.4%  o f 
the total o il sp illage. The sam e author estim ated that o ver 9 4 3 ,170 ,0 0 0  g allo ns o f  o il w as 
sp ille d  w o rld  w ide to m arine w aters between 1990 and 1999, but stated that this fig u re  
w as an underestim ination due to fact that data collected on an international b asis w as 
subject to serious reporting erro rs and om issions, p a rticu larly  fo r sp ills  from  p articu lar 
regions, fo r sm aller sp ills , and from  s p ills  from  non-vessel sources.
2.3 Environmental fate of released diesel
D u e to the fact that this study deals w ith diesel contam inated so il th is section is  focused 
m ain ly on the fate o f  d iesel after a release to soil. The fate and behaviour o f  sp ille d  
diesel, once it enters so il environm ents, depends on a num ber o f  ph ysico ch em ical and 
b io lo g ica l factors in clu d in g  vo la tilisa tio n , d isp ersio n, advection, sorption and m icro b ial
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degradation. The com bination o f these processes, referred to as “ w eathering” , reduces 
the concentrations o f  hydrocarbons in  so il and w ater and alters the chem ical com position 
o f the sp ille d  diesel.
The changes in  the chem ical com position o f the sp ille d  diesel have profound effects on 
its to x ic ity  and b io lo g ica l im pact on the environm ent. These processes are d ivid ed  into 
tw o m ain categories; those that result o n ly in  the reduction o f a contam inants 
concentration but not o f the total contam inant m ass in  the system , w h ich  are term ed 
“ nondestructive” and those that result in  degradation o f  contam inants w h ich  are referred 
to as “ destructive”  (U S E P A , 1998b).
2.3.1 Nondestructive processes
N ondestructive processes in clud e advection, hydrodynam ic d isp ersio n (m echan ical 
d isp ersio n and d iffu sio n ), sorption, and v o la tilisa tio n  (U S E P A , 1998b).
2.3-LI Advection.
A dvection is  the transport o f the contam inant by b u lk  m ovem ent o f  ground water. It  is 
the most im portant process d riv in g  d isso lved  contam inant m igration in  the subsurface. 
In  diesel contam inated sites th is process has o n ly  a m inim al effect due to the fact that 
diesel has o n ly  a w ater so lu b ility  o f 0.2m g/L. H o w ever som e o f  the m ore so lub le 
fractio ns o f  d iesel are transported leavin g  behind the non-aqueous phase fraction 
(U S E P A , 1998b).
2.3.1.2 Dispersion
H yd rod yn am ic d isp ersio n  is  the process w hereby a contam inant plum e spreads out in 
d irections that are lo ng itudinal and transverse to the direction o f  the plum e m igration. It
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dilutes the concentration o f  the contam inant and introduces it to re la tive ly  p ristin e  
environm ents. T w o  very d ifferent processes cause hydrodynam ic disp ersio n; m echanical 
d isp ersio n w h ich  is  the m ovem ent that o ccu rs as a resu lt o f lo cal variatio n s in  ground 
w ater ve lo city, and m olecular d iffu sio n  w h ich  results from  concentration gradients 
causing the contam inant to m igrate from  zones o f  high concentration to zones o f lo w er 
concentration, even in  the absence o f ground w ater flo w .
2.3.1.3 Sorption
Sorption, w h ich  is  the process w here contam inants adhere to so il particles, results in  the 
retardation o f the contam inant in  relation to the ground w ater flow . Sorption can also 
in fluen ce v o la tilisa tio n  and biodégradation (R iser-R o b erts, 1998). B ecause o f th eir non­
po lar m olecular structure, diesel hydrocarbons m ost com m only e xh ib it sorption through 
the process o f hydrophobic bonding (D e vin n y  et aL, 1994). T w o  com ponents o f so il 
p articles that have the greatest effect on sorption are organic m atter and clay  m inerals 
(U S E P A , 1998b).
2.3.1.4 Volatilisation
V o la tilisa tio n , w h ile  not a destructive m echanism , does rem ove contam inants from  so il 
system s. V o la tilisa tio n  is  not e asily  q uan tifiab le o r predictable, as a num ber o f factors 
in flu e n ce  the process such as, so il type, depth o f contam inant, concentration o f the 
contam inant, tem perature, state o f the contam inant (i.e . fresh o r p re vio u sly  w eathered) 
and the length o f tim e it is  exposed (M arg esin  and Schinner, 1997a).
The p a rticu lar d iffic u lty  w ith diesel fu e l evaporation is  that diesel fu e ls consist o f a 
m ixture o f hundreds o f  com pounds and th is m ixture varies from  source to source and 
even over tim e (F in g as, 1995). Song et al. (1 9 9 0 ) dem onstrated that w ith in  20 w eeks o f 
release o f  diesel o il to a loam  so il, 26 to 35 %  o f  the added diesel o il w as rem oved due to
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vo latilisatio n . In  diesel it is  o n ly the com pounds w ith  lo w  b o ilin g  points that are 
rem oved due to vo latilisatio n . Sepic et a l  (19 9 5 a ) reported that o n ly com pounds w ith  
b o ilin g  points lo w er than « - C l3 w ere rem oved due to vo la tilisa tio n  o ver a 48 day period. 
V o la tiliza tio n  is  an im portant factor to take into account w hen m onitoring diesel 
rem oval and, F in g as (1 9 9 8 ) stated that evaporation is  often considered to be the m ost 
im portant factor includ ed in  d iesel o il sp ill m odels.
2.3.2 Destructive processes
2.3.2.1 Abiotic
M an y o rganic chem icals in  so il system s can be degraded through one o r m ore abio tic 
m echanism s, although the reactions are ty p ic a lly  not com plete and often result in  the 
form ation o f  interm ediates that m ay be at least as to xic  as the o rig in al contam inant. In  
general, fiv e  abio tic m echanism s are know n to o ccu r in  so il system s; h yd ro lysis, 
substitution, e lim in ation , oxidatio n and reduction, a ll o f  w h ich  are described in  greater 
detail by D ragun (19 9 8 ). H o w ever in  general, the rates o f  these reactions are often quite 
slo w  w ith in  the norm al so il tem peratures, w ith h a lf-liv e s o f days to centuries (V o g e l et 
a l y 1987).
2.3.2.2 Biotic
In  p rin cip le , b io tic  reactions refer to those reactions that in vo lv e  biota in  so il system s, 
these in clud e plants (phytorem ediation), anim als, insects, and m icroorganism s. A lthough 
plants, anim als and insects can degrade m any hydrocarbons, they do not p lay a 
sig n ifica n t role in  degrading hydrocarbons in  so il. M icro o rganism s, on the other hand, 
do play a m ajor ro le  in  degrading hydrocarbons in  so il and the process w here 
m icroorganism s breakdow n hydrocarbons such as diesel is  referred to as biorem ediation 
and is  discussed in  greater detail in  Section 2 .7
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2.4 Toxicity of diesel
A ll chem icals have the potential to cause to xic ity  and harm  under the appropriate set o f 
circum stances. T o xican ts are defined as chem ical agents, w h ich under certain 
conditions, m ay produce adverse effects on b io lo g ica l system s, ranging from  m inor 
alterations o f norm al function to death (M illn e r et a l , 1992).
The to x ic ity  o f  petroleum  hydrocarbon m ixtures such as d iesel fuel is  ve ry  hard to 
assess, due to their com plex chem ical m ixture and the fact that once exposed to the 
environm ent they under-go sig n ifican t changes (w eathering) that are also d iffic u lt to 
predict.
There have been num erous studies carried out on the to xic ity  o f  in d iv id u a l com pounds 
found in d iesel fuel, how ever th is data cannot be cross referenced d irectly  to diesel fuel 
as the to x ic ity  o f an in d iv id u a l com pound found in  a d iesel fuel m ay be quite different 
from  the to xic ity  reported fo r the sam e com pound acting alone (G ilb e rt and C alabrese, 
1992).
D ie se l fuel, as a w hole product, has been studied in  a num ber o f  in vitro and in vivo 
m utagenicity tests. The A m erican Petroleum  In stitute (A P I) (1 9 7 8 ), H enderson et al. 
(1 9 8 1 ) C onaw ay et al. (19 8 4 ), and L e e  and L e v y  (1 9 8 9 ) a ll evaluated diesel fuel to xic ity  
using the A m es Salmonella test. They a ll concluded that diesel fuel w as not m utagenic 
(w ith  and w ithout m etabolic activatio n ) to any o f the Salmonella tester strains used. 
A m erican petroleum  institute (1 9 7 8 ) also reported that diesel fuel did not cause gene 
m utation in  the yeast strain Saccharomyces cervisiae D 4.
T o x ic ity  testing o f  diesel fuel u sin g  in vivo chrom osom e an alysis in  rat m arrow  ce lls w as 
assessed by A m erican petroleum  institute (1 9 7 8 ) and C onaw ay et a l (19 8 4 ). T h ey 
reported that diesel fuel s ig n ifica n tly  increased the frequency o f  chrom osom al 
aberrations in  the rat bone m arrow  after a single intraperitoneal in je ctio n  o f  2 o r 6 m l per 
kg body w eight.
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M illn e r et a l  (1 9 9 2 ) review ed the availab le  epid em io lo g ical data and case reports o f the 
carcin o g en icity  o f petroleum  hydrocarbons in  hum ans and they found that w h ile  several 
o f the epid em iolog ical studies reported in vo lved  subjects o r occupational groups w ith  
m ixed exposures, p a rticu larly  to gasoline and diesel fuel, there w ere no studies on diesel 
fuel it s e lf  S ince there w as no adequate hum an data regarding the carcin o g en ic potential 
o f diesel alone they used the co n clu sio n s o f  the International A gency fo r R esearch on 
C ancer ( IA R C ) concerning the carcin o g en icity  o f petroleum  re fin in g  in  general, and 
concluded that there is  lim ited  evidence that w o rking in  the petroleum  re fin eries entails a 
carcino gen ic risk . T h is lim ited evidence applies o n ly  to skin  cancer and leukem ia.
W h ile  the to xic ity  o f  d iesel fu e l to hum ans is  o f  great concern after spillages, it is  not the 
hum ans that are at greatest risk, but the indigenous species o f  the environm ent in  the 
im m ediate area o f  the sp ill.
L y tle  and P eckarsky (2 0 0 1 ) evaluated the spatial and tem poral effect o f a d iesel s p ill on 
stream  invertebrates in  a riv e r in  N ew  Y o rk . They reported that the diesel fu e l s p ill 
s ig n ifica n tly  reduced the density o f  invertebrates by 90%  and the taxonom ic rich ness by 
50%  at least 5km  dow nstream  o f the spillage. They found that densities recovered w ith in  
a year, how ever, the fauna im m ediately belo w  the s p ill w as species poor and 
sig n ifica n tly  o ver represented by a sin g le  dom inant taxon, suggesting that 15 m onths 
w as not sufficient fo r fu ll com m unity reco very from  the diesel sp ill.
A cute aquatic tests w ith Daphina magna show ed that diesel fu e l had a m edian lethal 
concentration (L C 5 0 ) o f  1.43 ppm , w h ile  B ritv ic  et a l  (1 9 9 3 ) reported that carp 
(Cyprinus carpio) exposed fo r three days to 50ppb diesel fu e l exhibited an increase o f  
b ile  fluorescene to a le ve l 5.8  fold h igher than unexposed carp.
T o  date there have been no studies availab le  on eco to xico lo g ical testing o f  d iesel fu e l to 
terrestrial test organism s, how ever lim ited w o rk  has been carried out on other petroleum  
m ixtures. Stephenson et a l  (2 0 0 0 ) assessed the to xic ity  o f  fo u r fractio ns o f  a crude o il
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m ixture, F I  (C 6 -C 1 0 ), F 2  (> C 1 0 -C 1 6 ), F 3 (> C 1 6 -C 3 4 ) and F 4  (> C 3 4 ), to a battery o f  
terrestrial test organism s u sin g  m ethods developed by E n viro n m ent Canada. The test 
organism s includ ed 3 plant species, barley (Hordeum vulgare var. C hapais), a lfa lfa  
(Medicago sativa), and northern w heat-grass (Agropyron dasystachyum), earthw orm  
(Eisenia andrei) and sprin gtail (Onychiurus folsomi). The tw o fractions, w h ich  are 
relevant to diesel fuel, are fractions F 2 and F 3 as these are the fractio ns present in  m ost 
diesel fuels. T hey reported that the to x ic ity  o f  the different fractio ns varied con siderably 
and w as dependent on the plant species. In  general the order o f in creasin g to xic ity  w as 
F 4  < F 3  < F 2 , w ith F 2 having m edian in h ib itio n  concentration (IC 5 0 ) o f 2.9 1, 3 .1 0  and
3 .1 0  m g/g fo r alfalfa, barley, and northern w heat-grass respectively. They found that 
o verall, invertebrates w ere m ore susceptible to adverse ch ro n ic exposure than plants, but 
the order o f in creasin g to x ic ity  w as the sam e w ith  F 2 being m ost to xic. F2 negatively 
affected reproduction o f  both the sprin gtail and earthw orm  at m edian e ffective  
concentration (E C 5 0 ) o f 1.4 7 and 0.49 mg per g, respectively.
A ll the above review ed reports have carried  out th eir to x ic ity  testing on fresh diesel fuel 
sam ples, how ever once diesel is  exposed to environm ental con ditio ns (Sectio n 2 .3 ) it 
im m ediately starts to weather, altering its chem ical com position and to xic ity  properties. 
N e ff et a l (2 0 0 0 ) studied the effect o f  w eathering on the to xic ity  o f  a diesel fu e l to 
m arine anim als. T h ey a rtific ia lly  w eathered the diesel by d istillatio n . D istilla tio n  
tem peratures o f 150, 200 and 250°C  w ere used to stim ulate on-the-w ater w eathering 
equivalent to 1 to 3 hours, 0.5 to 1 days, and 2 to 5 days, resp ectively, at 13°C  a ir and 
w ater tem perature w ith m oderate w in d  con ditio ns (S to rm -K ristian sen  et al., 1993). 
T o x ic ity  testing w as carried out on the w ater accom m odated fraction (W A F ) o f the 
diesel and its w eathered fractions. The W A F  w as accom plished by a lo w  energy m ixin g  
technique in  w h ich  the o il w as layered on top o f seaw ater and gently m ixed fo r 60 hours. 
They reported that the to x ic ity  o f  the diesel fuel fluctuated w ith increased w eathering 
and w as dependent on species type. T ab le 2.3 is  a sum m ary o f  the results.
The exact to xic  effect o f diesel fu e ls and th eir w eathered products to hum an and other 
form s o f life  is  s till unclear, but there is  sig n ifica n t data availab le  dem onstrating that
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they are to xic, and that environm ents contam inated by such products need to be 
rem ediated in  order to render them  “ safe” .
Table 2.3, The acute toxicity (96 hour LC50 for fish and crustaceans), expressed as percent 
water-accommodated fraction (WAF), of the WAFs of an Australian diesel fuel and its 
weathered fractions to five species of marine animals.
Oil fraction Clownfish Sliverside Mysid Shrimp Sea
minnow Urchin
(% W AF) (% W AF) (% W AF) (%W AF) (% W AF)
A u stralian  D ie se l > 10 0 54 30 31 > 10 0
A u stralian  20 0 °C + > 10 0 79 32 31 > 10 0
A u stralian  2 50 °C + > 10 0 6 8 32 34 > 10 0
2.5 Legislation in relation to diesel contaminated sites
W ith  the in creasin g  expertise in  the area o f  contam inated land m anagement, the 
perception o f  the problem  has changed. In  the e arly  1980s contam inated sites caught 
p o litic ia n s and the general p u b lic  by surprise. U p  u n til then contam inated sites w ere 
perceived as, a few , ve ry  severe in cidents w ith  p o o rly  know n but p o ssib ly  disastrous 
consequence fo r hum an health and the environm ent. The perceived risk s led to p o licie s 
aim ed at m axim um  ris k  control, p o llu tio n  should be rem oved o r contained com pletely 
(Ferguson and Kasam as, 1999).
Today contam inated land is  no longer perceived as a few  severe in cidents but as a 
w idespread in frastructu ral problem  o f  va ry in g  intensity and sig n ifican ce. It  is now  
recognised that drastic ris k  control o f cleanin g up a ll sites to background le ve ls o r to 
le ve ls suitable fo r the m ost sen sitive  po ssib le  land use, is  te ch n ica lly  and fin a n c ia lly  not 
feasible. F o r exam ple, in  the N etherlands in  1981 the num ber o f sites thought to be 
contam inated and in  need o f  cleanup w as 350  w ith an estim ated cost o f 500 m illio n
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E u ro. B y  1995 th is num ber had rise n  to 300,000 sites w ith  an estim ated cost o f 13 
b illio n  E u ro s. R e a litie s such as these have led to a re visio n  o f  strategies on 
contam inated land m anagem ent tow ards approaches based on the concept o ffitness-for- 
use. A t the sam e tim e the need is  recognised fo r p o lic ie s to protect so il and ground w ater 
from  future p o llu tio n  (Ferguso n and Kasam as, 1999).
T o  date there is  no le g islatio n  relating sp e cifica lly  to d iesel contam inated sites. Instead 
diesel contam inated sites com e under the heading o f  petroleum  contam inated sites 
(P C S ). In  re lation to p o lic ie s on P C S , they va ry  greatly from  country to country, and 
even w ith in  the one country they often va ry  sig n ifica n tly  and are u su a lly  land-use 
dependent.
In  the U nited States it w as not u ntil the 1980s that le g isla tio n  in  relation to P C S  started 
to appear. In  1985, K o steck i et a l  (1 9 8 8 ) carried out a survey o f the 50 states in  
A m erica and found that o f the 22 states that had established le ve ls fo r cleanup o f  P C S , 
o nly 5 states considered the le ve l form al. A  fo llo w  up survey in  1987 (B e ll e t a l , 1989) 
indicated rapid  developm ent o f num erous different cleanup standards betw een and 
w ith in  the states, in clu d in g  action le ve ls, rem ediation goals, and cleanup levels. In  1990, 
due to the con fusio n in  the U n ited States regarding p o licie s, ru les and regulations fo r the 
clean-up o f  P C S , the A sso ciatio n  o f the E n viro n m ental H ealth o f  S o ils  (A E H S ) 
conducted a state-by-state survey o f environm ental regulato ry agencies in  order to 
determ ine cleanup standards fo r P C S  fo r use by regulated com m unities. T h is survey w as 
com pleted in  2000 and the results w ere publish ed by K o ste ck i et a l  (2 0 0 1) and it found 
that a ll 50 states had established som e le ve l o f  standards fo r P C S . M o st states had 
established laboratory test protocols, detection levels, no tificatio n  le ve ls, action le ve ls 
and clean up le ve ls fo r the different products in  P C S . H o w ever due to the co m p le xicity  
o f P C S  and the fact that cleanup requirem ents d iffe r greatly depending on the site 
lo catio n and se n sitiv ity  o f  the area, no one standard protocol w as agreed am ongst the 
different states. The survey also  deduced that no one m ethod o f an alysis satisfied a ll 
products in  P C S , and even fo r in d iv id u a l products such as diesel fu e l no one standard 
m ethod o f m easurem ent prevailed  throughout the different states.
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The le ve l o f  cleanup required varied  greatly from  state to state w ith num erous states 
taking the “ site sp e cific 5’ approach fo r the determ ination o f the cleanup le ve l required. 
The states w h ich  had a defined num erical standard w ere not co n clu sive  on one p articu lar 
cleanup le ve l, fo r exam ple the cleanup le ve l fo r d iesel varied from  lOm g D ie se l range 
organics (D R O )/k g  so il in  M aine, to lOOmg D R O /k g  so il in  D istric t C olum bia, w h ile  the 
state o f M assachusetts had a clean up le ve l o f  1000 to 5000m g/kg so il fo r C 9- C 18 
alip h atics in  diesel (K o ste ck i et al., 20 0 1).
A t a European le ve l a new  dim ension o f  international cooperation w as started by the 
European C o m m issio n D G  X I I  in  1996. T w o  Concentrated A ctio n s on sc ie n tific  aspects 
o f contam inated so il and groundw ater, C oncerted A ctio n  on R is k  A ssessm ent fo r 
Contam inated Sites in  the European U n io n  (C A R A C A S ) and N etw o rk fo r In d u stria lly  
Contam inated Lan d  in  E u ro p e  (N IC O L E ), w ere in itiated w ith in  the En viro n m ent and 
C lim ate Program  to tackle  the problem  o f  contam inated sites. They b rin g  together the 
com bined know ledge o f academ ics, governm ent experts, consultants, in d u stria l 
landow ners and technology developers (Ferguso n and Kasam as, 1999).
C A R A C A S  w as started in  Feb ruary 1996 after the agreem ent by environm ental 
regulators from  16 European countries that such a sc ie n tific  cooperation w as required. 
Its  m ain o bjectives w ere,
■ E valu atio n  o f the practical state-of-the-art o f contam inated land risk  assessm ent;
■ Sum m ary o f  current risk  assessm ent approaches in  European countries,
■ Recom m endations on sc ie n tific  p rio ritie s fo r future R & D  program s;
■ Id e n tificatio n  and com pilation o f ongoing R & D  projects in  E urope;
■ Establishm ent o f an inform ation netw ork on ris k  assessm ent issues;
■ Stim ulation o f m ultinational cooperation on sc ie n tific  aspects;
■ C ooperation w ith  other m ajor international in itia tive s on contam inated land 
(B a rd o s etal., 1999).
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N IC O L E , a forum  established in  1996, is  an a llia n ce  o f  in d u stria l problem  holders, 
research perform ers, technology developers, service  p ro vid ers and research planners. Its 
o bjectives w ere ve ry  sim ila r to C A R A C A S  except it is  m ore relevant to in d u strial and 
com m ercial activ itie s.
Ire lan d s re la tiv e ly  late a rriva l into the in d u stria l age m eans that its contam inated land 
problem s are sm aller than those o f m ost other European countries, and sig n ifica n tly  
sm aller that the U .S . A t present Ire lan d  lacks sp e cific  le g islatio n  fo r dealing w ith P C S  
and other contam inated land. H o w ever, som e e xistin g  le g islatio n  does pro vid e a 
considerable range o f pow ers to the E n viro n m ental protection agency (E P A ) and L o c a l 
authorities to deal w ith  the issue o f  contam inated land, these in clud e;
■ The W aste M anagem ent A ct 1996
■ The E nviro nm ental Protection A gency A ct 1992
* The L o ca l G overnm ent (W ater p o llu tio n ) A cts 1 9 77, 1990
■ The B u ild in g  C o n tro l A ct 1990
■ The A ir  P o llu tio n  A ct 1987
In  lin e  w ith  other European countries, Ire la n d ’ s approach to contam inated land 
encom passes p o llu tio n  prevention, the p o llu ter pays p rin cip le , the precautionary 
p rin cip le  and the use o f  ris k  assessm ent to id entify and p rio ritise  sites re q u irin g  rem edial 
action (V ik  et ah, 2 0 0 1). A t present the E P A  is  con sid erin g  setting non-statutory 
g u id elin e values fo r contam inants, both in  so il and groundw ater. It  is  proposed that these 
values w ill be derived from  existin g  risk-based generic g u id e lin e  valu e s adopted in  other 
European countries. The values w ill be tailo red to meet Iris h  con ditio ns and p o licie s 
through a process o f consultation w ith relevant bodies.
In  relation to petroleum  contam inated sites in  Ire lan d , currently  the p o lic y  is that the 
lo ca l authority m ust be notified i f  a site becom es contam inated w ith a petroleum  product 
and it is  then up to the authority to decide on the appropriate action. The appropriate 
action is  different from  site to site and can vary  from  excavation and disp osal o f  the
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contam inated so il to la n d fill, to rem ediation o f  the contam inated so il either in-situ o r ex- 
si tu. In  Ire lan d , the cleanup standard fo r P C S  is  land use sp e cific, but in  som e cases the 
D utch standard is  used, w h ich  states a clean up le ve l o f  lOOmg O il (total petroleum  
hydrocarbons) per kg so il. H o w ever, th is is  o n ly  used as a gu id e lin e  not a definite 
endpoint.
2.6 Current Treatment Technologies
There are several treatm ent technologies ava ila b le  fo r the rem ediation o f  so ils 
contam inated w ith diesel fuel, how ever the selection o f treatm ent depends on a num ber 
o f factors such as, the type o f fuel, site characteristics, regulatory requirem ents, costs, 
and tim e constraints.
T h is section g ive s an o ve rvie w  o f  the different treatm ents available. H o w ever, as th is 
study focused on b io lo g ica l treatm ents, m ore em phasis w ill be directed tow ards 
b io lo g ica l treatm ents.
2.6.1 Ex-situ processes
E xcavatio n  is  a com m on approach to dealing w ith  contam inated soil. O nce the so il is  
excavated it can be treated on-site, o ff-site  o r in  some cases it can be disposed o f in  
la n d fill sites w ithout treatment, a ll o f  w h ich  are referred to as ex-situ treatm ents.
O nce the contam inated so il has been excavated, a num ber o f  p h ysical, chem ical and 
b io lo g ica l treatm ents can be em ployed to treat the so il. Som e o f the p h ysical and 
chem ical treatm ents, w h ich  have being applied su cce ssfu lly  to treat hydrocarbon 
contam inated so ils, in clud e therm al treatm ent, in cineration , so il w ashing, chem ical 
treatm ent, chem ical extraction, su p e rficia l flu id  oxidation, vo latilisatio n , and steam 
extraction, a ll o f w h ich  are discussed in  greater detail by R ise r-R o b e rts (19 9 8 ).
23
B io lo g ic a l treatm ents are em erging as the m ost cost effective treatm ent fo r hydrocarbon 
polluted so ils, e sp e cia lly  w hen the contam inant is  a m edium -distillate fuel such as d iesel 
o il, je t fuel, and N o .2  heating o il (W ang and B artha, 1994). There are several w ays in  
w h ich  excavated so ils can be b io lo g ic a lly  rem ediated, in clu d in g  
landtreatm ent/landfarm ing, num erous types o f  bioreactors, b io p iles, and com posting a ll 
o f w h ich  in v o lv e  m icroorganism s, and phytorem ediation w here plants are used to treat 
the contam inated so il (R ise r-R o b e rts, 1998).
A dvantages o f  excavation o f contam inated so il are that it is  easy to perform , and it 
rap id ly  rem oves the contam ination from  the site in  a m atter o f hours, as opposed to other 
rem ediation m ethods w h ich  m ay require several m onths o r even years to com plete. 
E xcavatio n  is  often used w hen urgent and im m ediate action is  needed in  order to stop 
the contam inant m igrating and causin g  a health problem . H ow ever, there are a num ber 
o f problem s associated w ith excavation. It  a llo w s uncontrolled release o f contam inant 
vapo rs to the atm osphere and nearby b u ild in g s, also  buried u tility  lin es, sew ers, and 
w ater m ains can interrupt the excavation process. A boveground treatm ents also  tend to 
be m ore expensive than in-situ m ethods (R ise r-R o b e rts, 1998). The excavated 
contam inated so il m ay also  be considered hazardous w aste and disposal o f  such w astes 
are becom ing in creasin g ly  restricted by regulations.
2.6.2 In-situ processes
/
In-situ treatm ent o f contam inated so ils is  w here the contam inated m aterial is  treated in  
its o rig in a l lo catio n and o ffers an alternative to the trad ition al approach o f  excavation 
and re-d isp o sal o r on-site treatm ent. N um erous processes and system s have been 
proposed fo r in-situ treatm ent and, again, they can be broken dow n into b io lo g ica l and 
p h ysical/ch em ical processes.
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Some o f the in-situ p h ysical/ch em ical processes w h ich  have been su cce ssfu lly  applied to 
rem ediate hydrocarbon contam inated so ils  in clu d e  o xidatio n/reduction (L e e  and W ard, 
1985), h yd ro lysis, neutralisation, so il flush in g /w ash in g /extractio n  follow ed by pum p and 
treat (U S E P A , 19 85), a ir strip in g  (D ragun, 1998), so il venting (D upont, 1993), and so il 
heating (R am  et a/., 1993). W h ile  a ll o f these processes are re la tive ly  e fficie n t in  the 
clean-up o f  hydrocarbon contam inated so ils, they are, how ever, expen sive and in  m ost 
cases u naffordable fo r governm ent and private industries. In-situ biorem ediation, on the 
other hand is  re la tive ly  in exp en sive and is  now  being considered as a v iab le  alternative, 
but lik e  ex-situ biorem ediation, enhancem ents have to be carried out in  order to m ake the 
process viable.
One o f the draw backs o f biorem ediation, o r any other in-situ rem ediation effort, is  the 
num erous uncertainties as a result o f dealin g w ith a com plex and in accessib le  m aterial. 
E valu atio n  o f  rem ediation requires integrating to o ls and concepts from  vario u s d iverse 
d iscip lin e s, w h ich  m ay not be standardised fo r cross-referencin g (R iser-R o b erts, 1998).
2.7 Bioremediation of diesel
E nviro nm ental contam ination by petroleum  products such as d iesel is  w idespread and 
developm ent o f rem ediation efforts m ust accom m odate the fact that there are vast 
num bers o f  sites that need to be treated and that there w ill be in d iv id u a l requirem ents fo r 
each site. A lso , appropriate m easures m ust be availab le  fo r those areas o f  the w o rld  that 
cannot afford expen sive treatm ents. Therefore, rem ediation m ust be sim ple and cost 
effective fo r both in d u stria lised  nations and underdeveloped countries in  order to 
confront and resolve th is enorm ous problem  (R ise r-R o b e rts, 1998).
A tla s (1 9 9 1 ) reported that after the o il s p ill at P rin ce  W illia m  Sound, A lask a, m ore than 
$1 m illio n  a day w as spent in  a p a rtia lly  su ccessfu l attempt to clean it up. N either the 
governm ent no r the private sector can afford the cost o f  p h y sica lly  cleanin g up a ll the
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know n to x ic  w aste sites and, fo r th is reason, biorem ediation is  now  being considered as 
a v ia b le  alternative (R ise r-R o b e rts, 1998).
A s m entioned p re vio u sly  (S ectio n  1 .1 ) biorem ediation is  the processes by w h ich  
m icroorganism s transform  o r degrade chem icals in  the environm ent. The biodégradation 
o f  hydrocarbon com pounds results in  the m o d ificatio n  o r decom position o f  the 
com pound by so il m icroorganism s, to produce ultim ately m icro b ial ce ils, w ater and 
carbon dioxid e. M icro o rg an ism s degrade com pounds through the use o f enzym es. 
These enzym es can be found either w ith in  c e ll m em branes (in tra c e llu la r) o r outside the 
m icroorganism s c e ll m em brane (e xtra ce llu la r). W hether o r not an organic com pound is 
transform ed depends on (a ) the chem ical b in d in g  to the enzym e and (b ) conform ational 
changes at the enzym e active site. D egradable com pounds w ill produce the ideal 
alignm ent o f the enzym e and the o rganic com pound, w h ile  persistent chem icals w ill 
produce a less favo rab le alignm ent. Com pounds that are recalcitrant to m icro b ial 
degradation either do not bind at a ll o r fa il to produce an alignm ent that leads to reaction 
(D ragun, 1998).
Figure 2.1 A hypothetical complex between an organic chemical and an enzyme within a soil 
microorganism. The molecular fragment A-C-B (but not the rest of the molecule R1 and R2) is 
transformed. Reproduced with permission from Dragun, 1998.
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B io rem ed iation is  currently  re ce ivin g  considerable attention as a rem ediation option fo r 
so ils contam inated w ith  diesel and other organic com pounds. There is  an enorm ous 
am ount o f both fie ld  applicatio n and laboratory tests being conducted to elucidate and 
refin e the technology. In  the U n ited States alone, the am ount o f sites u tilis in g  
biorem ediation has increased from  3 in  1982 to o ver 135 in  1992 (A g e n cy fo r T o x ic  
Substances and D isease R e g istry, 2002). In  order fo r a biorem ediation process to be 
successful, m icroorganism s w ith  the a b ility  to degrade the target contam inant m ust be 
present.
2.7.1 Hydrocarbon degrading microorganisms
D u rin g  recent years, a trem endous am ount o f  research effort has concentrated on the 
iso latio n and characterisation o f m icroorganism s that have the a b ility  to degrade and 
m etabolise hazardous o rganic chem icals, such as d iesel fuel. The diverse group o f 
bacteria, fungi and yeasts capable o f  degrading petroleum  hydrocarbons are co lle ctiv e ly  
called  hydro carbo no clastic m icroorganism s (A tla s, 1992a).
The a b ility  to u tilise  hydrocarbon is  w id e ly  distributed am ong diverse m icrob ial 
populations. A t least 30  genera containing o ver 100 species o f  m icrobes have been 
id entified  w ith  the capacity fo r degradation o f hydrocarbons (A rth u r et a l,  1995). T h e ir 
distribution in  the environm ent is  w id e spread and they have been isolated from  m arine, 
freshw ater and so il habitats. The d istrib u tio n o f hydro carbo no clastic m icroorganism s 
reflects the h isto rica l exposure o f the environm ent to hydrocarbons. S izab le increases in  
populations o f  hydro carbo no clastic m icroorganism s o ccu r w hen environm ental sam ples 
are exposed to petroleum  hydrocarbons. In  u npolluted ecosystem s, hydrocarbon u tilise rs 
generally constitute < 0 .1%  o f the m icro b ial com m unity w h ile  in  o il-p o llu te d  ecosystem s 
they can constitute up to 100%  o f the v ia b le  m icroorganism s (A tla s and C em ig lia , 
1995).
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The m ost com m only isolated organism s w h ich  have the a b ility  to u tilise  hydrocarbons 
are heterotrophic bacteria o f the genera Pseudomonas, Achromobacter, Arthrobacter, 
Micrococcus, Vibrio, Bacillus, Acinetobacter, Brevibacterium, Corynebacterium, 
Flavobacterium (A tla s, 1992) Sphingomonas, (D agh er et al., 1997; and Shin el a l , 
1999), Mycobacterium (E rm o len ko  et al, 19 97), Alcaligenes (G reene et al, 2002), 
Aeromonas, Erwinia, Klebsiella, Lactobacillus, Leucothrix, Moraxella, Streptomyces 
and Xanthomonas (A tla s and C e m ig lia , 1995), and Rhodococcus ( K retschm er e/ a l , 
1982; G uzev e / a l, 19 97 and W hyte e/ a/., 1998)
The genera o f  hydro carbo no clastic fun g i m ost frequently isolated are Penicillum and 
Verticillium (D a v is and W estlake, 19 79 ), Aspergillus and Cladosporium (A tla s and 
C e m ig lia , 1995). O ther less frequently isolated hydrocarbon degrading strains in clud e 
Beauveria, Mortieriella, Phoma, Scolecobasidium and Tolypocladium sp p .(R ise r- 
R oberts, 1992)
K om agata e / a/. (19 6 4 ) carried out a study o f 500 yeasts arid found that 56 w ere able to 
degrade hydrocarbons. A lm o st a ll o f  these belonged to the genus Candida. 
H yd rocarb o no clastic strains o f Rhodosporidium, Rhodotorula, Saccharomyces, 
Sporobolmyces have been isolated from  so il by A hearn e/ a/. (1 9 7 1 ), B ento and 
G aylarde (19 9 6 ) and C hang et a l (2 0 0 1).
Some m oulds have also  been isolated w ith the a b ility  to u tilise  sp e cific  hydrocarbons, 
in clu d in g  fo u r strains o f  Pseudallescheria boydii (A p ril et a l , 1998) and tw o strains o f 
Graphium (L o w e ry  et a l , 19 51; and C u rry  et a l, 1996). These strains w ere isolated 
from  oil-contam inated so ils  w h ich  had the a b ility  to degrade lin e ar crude o il aliphatics.
It  is  o nly in  m ore recent years that studies have focused on the iso latio n o f 
m icroorganism s that have the a b ility  to u tilise  d iesel fu e l as th eir sole carbon source. 
W ilso n  and B ra d e ly  (1 9 9 7 ) and B arathi and V asudevan (2 0 0 1) isolated strains o f  
Pseudomonas fluorescens w h ich  w ere able to u tilise  diesel fuel, w h ile  G ao et a l (2 0 0 0 )
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and G rish ch e n ko v et a l  (2 0 0 0 ) isolated other Pseudomonas sp. w h ich  w ere able to 
degrade diesel fu e l as the sole carbon source.
Rhodococcus species, w ith the a b ility  to degrade a w ide range o f  alip h atic hydrocarbons 
present in  diesel fuel, w ere isolated by G u ze v et a l  (1 9 9 7 ) and W hyte et a l (19 9 8 ). 
G rish ch en ko v et a l  (2 0 0 0 ) isolated a Brevibacilius sp. B S 2 2 0 2  w h ich  w as able to u tilise  
diesel hydrocarbons under both aerobic and anaerobic conditions, w h ile  Acinetobacter 
calcaocetius and Acinetobacter venetiamus w ere both show n to have the a b ility  to u tilise  
diesel fuel (M a rin  et a l , 1995; B a ld i et a l 1999, and G reene et a l, 2002). E kundaya 
and O buekw e (2 0 0 0 ) isolated 35 yeasts (2 7  strains o f  Candida and fo u r strains o f  
Endomycopsis), w h ich  w ere able to gro w  on num erous hydrocarbons in clu d in g  diesel 
fuel.
The biodégradation o f in d iv id u a l hydrocarbon com pounds by pure hydrocarbonoclastic 
m icroorganism s has been studied exten sively  (R eham  and R e iff, 1981; G ib so n  and 
Subram anian, 1984; and H eitkam p et a l , 1988) and the num ber o f strains are in creasin g 
constantly. The problem  associated w ith these pure cultures is  that they can o n ly  u tilise  
certain in d iv id u a l o r groups o f hydrocarbons. It  is  now  generally agreed that there is  no 
one “ hero” m icrob ial species that is  capable o f  attacking a ll the com ponents o f  com plex 
hydrocarbon m ixtures such as diesel. W ard ley-S m ith (1 9 7 6 ) reported that a sin gle 
species cannot even degrade a ll the m em bers w ith in  a hom ologous series. F o r exam ple, 
sp e cificity  has been found w ith in  the alkanes and fo r arom atics such as benzene and 
naphthalene. Some hydrocarbons lik e  alkanes can be e a sily  degraded by a large num ber 
o f m icroorganism s w h ich  use them  as sources o f carbon and energy, w h ile  on the other 
hand other hydrocarbons such as p o ly c y c lic  arom atic and cyclo -alkan es are m ain ly 
degraded by com etabolism  (B o u ch ez et al, 1995).
B ecause o f  the large d ive rsity  o f m olecules contained in  petroleum  products, the 
com etabolism  phenom enon is  favoured (R ich a rd  and V o g al, 1999). The im portance o f 
com etabolic transform ation o f o rganic contam inants in  the environm ent w as first 
realised w hen the iso latio n  o f  the responsible organism (s) by trad ition al m icro b io lo g ical 
enrichm ent techniques proved u n successful, despite the fact that transform ation o f the
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sp e cific  contam inant w as show n to be taking place in  the environm ental niche under 
in vestig atio n (C o lle ra n , 19 97). Com etabolism  is  defined as the process w hereby 
m icroorganism s in vo lv e d  in  the m etabolism  o f grow th prom oting substrate also 
transform  other organic contam inants (co-substrates) that are not grow th supporting i f  
supplied as a sole carbon and energy source (C o lle ra n , 19 97). F o r exam ple, K o  and 
Lebeault (1 9 9 9 ) reported that a bacterial strain, Rhodococcues equi P I,  w as unable to 
g ro w  on decalin e (a  cy clo -alk an e ) as a sole carbon source. H ow ever, the addition o f  
hexadecane as a grow th substrate resulted in  com plete degradation o f 1%  (v /v ) decaline. 
Transform ation o f  trichlo ro ethylene under aerobic conditions w as catalyzed by 
m ethanotrophic bacteria, w h ich  u tilise d  methane as th eir grow th substrate (L ittle  et ah, 
1988). A  Pseudomonas fluorescens sp. w as isolated by R ich a rd  and V o g al (1 9 9 9 ) and 
w as show n to com etabolise phenanthrene w ith  Tw een 80 as the grow th substrate.
A  m ixed m icro b ial com m unity o f a ll hydrocarbon-degrading m icroorganism s is  not 
alw ays the best solution. The im portance o f  “ secondary” strains o f non-hydrocarbon 
degrading bacteria has been dem onstrated as p lay in g  a m ajor ro le  in  optim isation o f 
hydrocarbon degradation. H ubert et ah (19 9 9 ) found that incubation o f  a so il sam ple 
w ith 0 .1%  (w /w ) toluene resulted in  a com m unity that w as dom inated by Pseudomonas 
strain Q 7. H o w ever, th is strain w as not able to grow  by its e lf in  an atm osphere 
equilibrated w ith 0 .1%  (w /w ) toluene, w hereas it grew  e ffic ie n tly  in  co -culture  w ith 
another Pseudomonas sp., suggesting that it is toluene m etabolites that are u tilise d  by 
strain Q 7. R ich a rd  and V o g e l (19 9 9 ) isolated a diesel-degrading consortium  con sisting 
o f seven m em bers. O n ly three o f the seven strains w ere able to grow  on diesel fuel as the 
sole carbon source. In  experim ents w ith the com bined consortium  the appearance o f the 
“ secondary” strains o n ly  o ccurred after grow th o f the three “ p rim ary” strains, 
dem onstrating that the “ secondary”  strains w ere m aintained in  the com m unity because 
o f th eir capacity to u tilise  m etabolites produced by the other strains. A t the end o f  the 
experim ent the involvem ent o f  the secondary strains resulted in  better o ve rall 
m in erilisatio n  e fficie n cy.
30
It  is  true that genetic engineering and a rtific ia l selection fo r m icrobes that are sp e cific  
pollutant destructors are com ing o f  age in  the laboratory. H o w ever, the effective  fie ld  
applicatio n o f  these “ hero” species is  s till ve ry  skeptical (K in g  et al., 1997).
2.7.2 Metabolic degradation pathways of hydrocarbons in diesel oil
From  re vie w in g  the literature describing the pathw ays in vo lved  in  the degradation o f  
a lip h atic and arom atic hydrocarbons, the com pounds that m ake up m ost o f d iesel fuel, a 
num ber o f  generalisations can be m ade (A lta s, 1982a, 1982b; D ragun, 1998; and H w ang
1999)
• A lip h a tic  hydrocarbons are gen erally  easier to degrade than arom atic 
hydrocarbons, w ith  straight chain a lip h atic hydrocarbons being easier to 
degrade than branched chain alip h atic hydrocarbons.
• The introduction o f  branching into hydrocarbons decreases the 
biodégradation rate, fo r exam ple m ethyl branching interferes w ith  beta- 
oxidation.
• L o n g  chain a lip h atic hydrocarbons are easier to degrade than short chain 
hydrocarbons, w ith  chain lengths o f  le ss than 9 carbons being to x ic  to 
m icroorganism s.
• Saturated hydrocarbons are easier to degrade than unsaturated 
hydrocarbons. The presence o f  carbon-carbon double o r trip le  bonds 
hinders degradation.
2.7.2.1 Aliphatic hydrocarbon degradation
A lip h a tic  hydrocarbons in  diesel o il are m ain ly com prised o f  «-alkanes and branched 
alkanes. The «-alkanes are gen erally  considered the m ost re ad ily  degradable com ponents 
in petroleum  m ixtures (A tla s, 1982). The first step in  the aerobic degradation o f
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1hydrocarbons is  the in corpo ration o f m olecular oxygen w h ich  is  catalysed by either 
m onooxygenase o r dioxygenase enzym es (R ittm ann et a l , 1994). In  most cases, the 
transform ation o f a lip h atic hydrocarbons in vo lv e s the use o f m onooxygenases and the 
w e ll-kn o w n  process o f  p-oxidation (A tla s, 1982a; S inger and Fin nerty, 1984; and 
D ragun, 1998). The alip h atic hydrocarbon is  converted in  successive  reactions into 
alcohol, then an aldehyde, and then into an alip h atic acid  as show n in  F ig u re  2.2 
(D ragun, 1998). D u rin g  beta-oxidation, tw o carbon atom s are cleaved from  the a lip h atic 
acid to form  a new  alco h o l and acetic acid. The new  alco h o l can be furthered degraded 
by reacting w ith  dehydrogenase, m onohydrogenase, and beta-oxidation enzym es to form  
alip h atic hydrocarbons w ith few er atoms.
B ranched alip h atic hydrocarbons are g e n e rally  m ore resistant to biodégradation than 
th eir straight chain alkane counterparts (D ragun, 1998), and in  hydrocarbon m ixtures it 
is  com m only observed that the degradation o f branched alkanes is  repressed by the 
presence o f «-alkanes (S in g e r and Fin nety, 1982). O xid ation o f  branched alkanes is  
in itiated in  the sam e m anner as o xidatio n o f  «-alkanes: m onooxygenase catalyzed 
h yd ro xylatio n o f  a term inal m ethyl group, fo llo w e d  by successive  dehydrogenations that 
u ltim ately produce a branched alkan o ic acid  (R ittm ann et a l , 1994).
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F ig u re  2.2. M etab o lic pathw ay in vo lv e d  in  the degradation o f a lip h atic hydrocarbons 
(D ragun, 1998).
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H ig h ly  branched isoprenoid alkanes, such as pristane and phytane, have been found to 
undergo a dichotom ous o xidatio n pathw ay (F ig u re  2 .3 ). The m etabolism  o f pristane w as 
show n to proceed through pristan ic acid w ith  subsequent o xidatio n to either p ristan d io ic 
acid fo llo w ed  by sequential beta-oxidation o r 4,8,12-trim ethyltridecan oic acid, fo llo w ed 
by beta -oxidatio n (S in g e r and Fin nerty, 1984; and M organ and W atkinson, 1989).
2 .7.2 .2  Cyclic aliphatic hydrocarbon degradation
The transform ation o f c y c lic  hydrocarbons in v o lv e s a sequence o f  reactions sim ila r to 
those o f a lip h atic hydrocarbons. They are o xid ise d  and converted to an alip h atic 
hydrocarbon w h ich  is  then degraded to other products by P-oxidation.
2 .7.2.3 Aromatic Hydrocarbon degradation
The transform ation o f benzene rin g s in vo lv e s the class o f enzym e know n as 
dioxygenases. M o le cu la r o xygen is  incorporated into the arom atic rin g  structure to form  
a dihydroxybenzene degradation product. The arom atic rin g  is  destroyed by cleavage, 
and new  alip h atic degradation products are form ed (see F ig u re  2 .4 ) (D ragun, 1998).
The biodégradation o f arom atic chem icals can also  o ccu r in  anaerobic system s, w here 
the pathw ay u su a lly  in vo lv e s the reduction o f  the arom atic rin g  to form  a c y c lic  
hydrocarbon, w h ich  is  then degraded by other pathw ays (D ragun, 1998).
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Figure 2.4. Proposed metabolic pathway involved in the degradation of aromatic 
hydrocarbons (Dragun, 1998).
2.7.3 Factors affecting the ra te  of bioremediation
The following section discusses some of the important factors affecting the 
biodégradation of diesel fuels or any other organic compounds. These factors affect 
biodégradation processes whether they take place in-situ or ex-situ.
2.7.3.1 Composition and size o f microbial populations
The bioremediation of petroleum hydrocarbons is generally dependent upon the 
presence o f soil microorganisms capable o f degrading petroleum hydrocarbons and the 
number o f these microorganisms in the soil system. The relationship between
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degradation rates and population size is, the greater the number o f microorganisms 
capable o f degrading the compounds, the faster the degradation. If  the indigenous 
microorganisms (i.e. the naturally-occurring microorganisms) are insufficient in 
numbers or ability to degrade the pollutants involved then independently cultured 
microorganisms which are known to metabolise the pollutants can be introduced into the 
environment. This type o f amendment is more often referred to as seeding or 
bioaugmentation (Section 2.8.4).
2.7.3.2 Microbial nutrients
Over the past number o f decades researchers have shown that certain elements are 
necessary for the normal growth and nutrition o f biota, including microorganisms. In 
relation to microorganisms these essential elements are divided into two groups, 
macronutrients and trace nutrients. Macronutrients includes nitrogen (as ammonia) and 
phosphorus (as orthophosphate) while the trace nutrients include potassium, calcium, 
magnesium, sulfur, iron, manganese, copper, zinc, boron, molybdenum, chloride and 
cobalt (Dragun, 1998). Optimum growth of microorganisms depends upon all o f these 
essential elements, and any one o f them, if out o f balance, can reduce or entirely prevent 
growth or metabolism. In order for optimal growth, these elements must also be 
available to the microorganisms in a useable form, appropriate concentrations, and 
proper ratios. It is the macronutrients (N and P) that are o f major concern in field 
application of bioremediation, because the minor and trace nutrients are usually present 
in sufficient amounts in the natural environment and are almost never the limiting 
factors in the field (King e ta l , 1997). However, when an organic contaminant enters the 
field system in bulk quantities, the soil’s supply o f the macronutrients is usually always 
inadequate to support desirable microbial growth (Dragun, 1998).
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2.7.3.3 Oxygen
In order for biodégradation o f petroleum hydrocarbon to occur, microorganisms must 
utilise an electron acceptor, such as oxygen. Although there is some evidence that 
certain hydrocarbons appear to require anaerobic metabolism for decomposition, most 
biodégradation o f hydrocarbon compounds is aerobic, since hydrocarbon oxidation 
processes generally require the oxygenase enzymes (Atlas and Bartha, 1987). The 
amount o f oxygen required will depend on the concentration o f organics in the soil 
system. Dragun (1998) published an equation that could be used to calculate the 
theoretical amount o f oxygen required to degrade lmg/L of a hydrocarbon substrate;
CxH y + [(jc + (y  /  4)]0 2 xC 0 2 + ( y / 2 ) H 20
Usually, about 3 to 4 mg/L of oxygen is required to degrade lmg/L of a medium-length 
hydrocarbon compound. If  50 % of the organic material is converted to bacterial cell 
matter and the other half oxidised to carbon dioxide, only 4 to 6mg/l o f organic material 
can be converted and oxidised under oxygen saturation conditions (Dragun, 1998).
2.7.3.4 Temperature
Soil temperature is one o f the most important factors controlling microbiological activity 
and the rate o f biodégradation o f organic matter (Sims and Bass, 1984). Temperature not 
only affects the rate o f microbial metabolism but also the physical nature and 
composition o f the petroleum and the composition o f the microbial community. Rising 
temperatures can decrease adsorption of certain contaminants, which can make more o f 
the organic material available for microorganisms to degrade. On the other hand, higher 
temperatures increase evaporation o f short-chain alkanes and other low-molecular-
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weight, hydrocarbons which usually cause solvent-type membrane toxicity to 
microorganisms (Atlas, 1994).
Microbial utilisation o f hydrocarbon compounds can occur at temperatures ranging from 
-2°C (Delille et a l ,  1997) to 70°C, with the majority o f hydrocarbonoclastic 
microorganisms exhibiting maximum growth in the range of 20 to 35°C (Dragun, 1998).
In general, raising the temperature increases the rate o f degradation of petroleum 
compounds in soil, with microbial growth usually doubling for every 10°C increase 
(Thibault and Elliott, 1980). Rates o f microbial hydrocarbon degradation in soil 
increased as temperatures were increased by various amounts from 4°C to 30°C 
(Westlake et a l, 1974), from 1°C to 18°C (Sandvik et a l, 1986), from 17°C to 27°C 
(Song et a l, 1990), from 5°C to 37°C (Dibble and Bartha, 1979) and from 5°C to 20°C 
(Frankenberger et al,  1991). Walker and Colwell (1974) found slower, but more 
extensive biodégradation o f a model petroleum occurred at 0°C than at higher 
temperatures (5 and 10°C) due to a decrease in toxicity at lower temperatures, as a 
consequence o f the lower solubility o f some hydrocarbons.
The data indicated that, in most cases, temperature limits hydrocarbon biodégradation, 
except in soils that are permanently exposed to low temperatures in which the 
microorganisms have become adapted to the cold environment.
2> 7.3.5 Soil m oisture content
Biodégradation of organic contaminants requires water for microbial growth and for the 
dispersal o f nutrients and by-products during the breakdown. Extremes of very wet or 
very dry soil markedly reduce biodégradation rates. Aerobic hydrocarbon 
biodégradation is diminished under saturated conditions due to the lack of oxygen
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supply and in dry conditions microbial activity is hindered due to insufficient moisture 
levels necessary for metabolism.
In general, soils consist o f approximately 50% pore space and 50% solid matter. As 
water enters a soil system it moves down into the subsurface, displacing air as it goes 
and starts to fill the pore spaces. When all the pores are full with water the soil is said to 
be saturated, this value is often referred to as the moisture holding capacity o f the soil. 
Several authors have reported ranges o f moisture content for optimum biodégradation. 
King et a l (1997) reported a range o f 20 to 50% of the soils moisture holding capacity. 
Pramer and Bartha, (1972) indicated that a range of 50 to 70%, while Bossert and Bartha 
(1984) found that 30 to 90% o f the moisture holding capacity was required for optimum 
biodégradation o f hydrocarbons. Inhibition can occur at levels below 30% due to 
inadequate water activity (Riser-Roberts, 1998), whilst values above approximately 85% 
can interfere with soil aeration.
2. 73.6 So il p H
Biological activity in the soil is seriously affected by pH, through the availability o f 
nutrients and toxicants and the tolerance o f organisms to pH variation (Riser-Roberts, 
1998). The optimum pH for microbial metabolism is usually between 6.6 and 8.5. I f  the 
soil is acidic bacteria tend to be out-competed by soil fungi for the available nutrients. 
The pH of the soil also influences the solubility or bioavailability o f macro- and 
micronutrients, especially phosphorus (Parr et a l, 1983).
2 .7.3.7 Adsorption
Adsorption is another parameter which can have a major influence on the biodégradation 
of an organic chemical. Before a compound can be biodegraded, it must be available, 
generally as a free solute (Mihelcic et a l , 1993), and in aqueous phase (Ogram et a l,
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1985). Due to their hydrophobic nature and their low water solubility, petroleum 
hydrocarbon compounds tend to adsorb strongly to soil particles. Numerous authors 
have reported that the adsorption of hydrophobic compounds such as diesel removes 
them from solution lowering their bioavailability and in-turn decreasing their rate of 
biodégradation. Berg e ta l  (1998), Olivera e ta l  (1998), Riser-Roberts (1998) and Bardi 
et a l  (2000) reported than phenanthrene was biodegraded to a lesser extent when 
adsorbed to organic soil constituents than when in liquid culture.
The adsorption o f hydrocarbon compounds can be influenced by, the type and quantity 
o f clay minerals, the type of cation that is saturating the clay, the exchange capacity and 
the specific surface area o f the clays, the amount o f organic matter in the soil, pH, 
temperature and the type and concentration o f  the hydrocarbon contaminant (Dragun,
1998)
Other authors have indicated that the degradation of certain organic chemicals can in 
fact be increased by their adsorption to soil particles due to the fact that there is a greater 
population density o f microorganisms on or near soil particle surfaces than in the water 
phase. As a result, adsorption of an organic chemical increases the concentration o f the 
chemical in areas where microorganisms flourish, and the potential for the 
microorganism to attack the chemical is enhanced (Dragun, 1998). If the compound is 
toxic, adsorption can also improve biodégradation by lowering its concentration in 
solution (Van Loosdrecht et a l, 1990). A variety o f models that combine sorption and 
biodégradation are described by Mihelcic et a l  (1993).
2.8 Optimisation of bioremediation
Bioremediation can be expressed as either engineered or natural. Any modification of 
the bioremediation process is considered engineered bioremediation, and the lack of 
intervention is natural bioremediation. Microbial populations capable o f biodegrading
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diesel or other petroleum hydrocarbons may commonly be found in subsurface soils, 
however, natural breakdown of the compounds will occur too slowly without 
intervention to prevent accumulation of the pollutants to unacceptable levels. Over the 
past number of decades numerous studies have being carried out to try to establish the 
most favorable conditions required to achieve optimum bioremediation rates.
2.8.1 Oxygen
One o f the most common and successful methods for enhancing bioremediation 
processes includes increasing oxygen availability. Increasing oxygen availability may be 
accomplished by air sparging (bioventing), the addition o f hydrogen peroxide or ozone, 
the addition o f oxygen saturated water, adding nitrate, tilling in land farm style 
operations, turning o f compost piles, or amending with bulking agents. All the above 
methods o f increasing the amount o f oxygen available have been reported to have had 
varying success in the bioremediation of petroleum contaminated soils and are discussed 
in detail by Riser-Roberts (1998).
2.8.2 Nutrients
Microbiological studies in laboratories, experimental field trials, and cleanup operations 
following oil spill incidents have demonstrated that a bioremediation strategy based on 
the enhancement o f oil biodégradation rates through nutrient addition was effective 
(Frankenberger et a l 1989; Morgan and Watkinson, 1989; Rosenberg et a i , 1992; 
Radwan et a l , 1995; Demque et a l , 1997; Rhykerd et a i , 1999; Taylor and 
Viraraghavan, 1999; and Margesin et al., 2000b). It is generally thought that this 
technology can be applied without hazard to the environment if the applications are 
conducted within approved safety limits (Oh et al.t 2001).
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\As already mentioned, the microbial degradation o f hydrocarbon compounds requires 
the presence of nitrogen, phosphorus and potassium in addition to smaller amounts o f 
zinc, calcium, manganese, magnesium, iron, sodium and sulfur for optimum biological 
growth (Arora e t a i , 1982). Soluble inorganic fertilisers, slow-release fertilisers (SRFs), 
and oleophilic fertilizers have been applied as nutrients, and their abilities to optimise 
and sustain indigenous bacterial oil-degradation activity have been evaluated under 
natural conditions (Lee, 2001). Ideally, nutrient concentration in oil contaminated 
environments should be sufficient to support the maximal growth rate o f oil-degrading 
microorganisms, and this concentration should be maintained throughout the 
bioremediation operations. Various authors provide ratios for these nutrients. There is 
some disagreement on the exact ratios, but in general they are not too dissimilar. The 
carbon, nitrogen, and phosphorus content o f bacterial cells in general is in the ratio of 
100 parts carbon to 15 parts nitrogen to 3 parts phosphorus (Zitrides, 1983). Therefore, 
theoretically 150mg'nitrogen and 30mg o f phosphorus are required to convert 1 g of 
hydrocarbon to cellular material (Rosenberg et ah, 1992). By the amount o f carbon in a 
spilled substrate that ends up as bacterial cells, it is possible to calculate the amount of 
nitrogen and phosphorus necessary to equal this ratio for optimum bacterial growth 
(Thibault and Elliott, 1980). The optimal carbon/nitrogen (C/N) and carbon/phosphorus 
(C/P) ratios generally used in bioremediation studies have been shown to be 10:1 and 
10:0.3, respectively (Oh e ta l ,  2001).
2.8.3 Organic m atter
The amendment o f contaminated soil with organic material has been used for numerous 
decades, especially in the area o f composting. In the past, organic material has been 
added as bulking agent in order to condition the soil. Bulking agents usually consist o f 
inexpensive material such as straw, sawdust, bark or wood chip, mulch, cotton hulls or 
other organic materials (Rhykerd et al.t 1999; and Jorgensen et oL, 2000). If  it is an 
organic material that is added then the technology is termed composting (Jorgensen et 
a l, 2000).
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Organic matter is very important to the microbial ecology and activity o f the soil (Sims 
and Bass, 1984). Its high cation exchange capacity and high density o f reactive 
functional groups help bind both organic and inorganic compounds that are added to the 
soil. These properties also help retain the soil bacteria which can then attack 
contaminants (Riser-Roberts, 1998). Bacteria have been reported as being able to 
survive better in the presence o f organic matter, especially in dry weather (Gobdout et 
a l , 1995). Generally the presence o f solid organic matrix appears to be essential for 
enhanced degradation o f organic contaminants (Kaestner and Mahro, 1996).
Organic material that is added to hydrocarbon contaminated soil as a bulking agent 
conditions the soil by breaking up and mixing soil clumps, which allows for increased 
soil porosity, resulting in better soil aeration (Riser-Roberts, 1998; and Rhykerd et a l ,
1999). Bulking agents can also control the moisture content in soils by providing for 
better drainage when there is excess water (Huesemann, 1994) and in other soils it can 
increase water-holding capacity by swelling when wet to absorb two to three times its 
weight in water (Homick, 1983). This conditioning of soil results in improved 
environmental conditions for microbes, which in turn increases their rate o f metabolism. 
Rhykerd et a l (1999) carried out a study on the effect o f two organic bulking agents 
(chopped Bermudagrass hay and sawdust from Populus tremnloides wood) and found 
that they significantly enhanced the disappearance o f  total petroleum hydrocarbons 
(TPH) in crude oil contaminated soil. Chang and Weaver (1998) also carried out an 
investigation into the use o f bermudagrass and another grass alfalfa as bulking agents 
and found that they enhanced the biodégradation of crude oil in soil. Bulking o f 
contaminated soil with chopped wheat straw, hay, wood chips, pine bark, peat, and loam 
enhanced remediation of 3,4-dichloroanaline and benzo(a)pyrene (Morgan et a l, 1993).
Addition o f organic material can also have a more direct effect on microorganisms. It 
can act as a supplementary carbon and energy source, which can be used to stimulate the 
metabolism o f  even recalcitrant xenobiotics, either through co-metabolism (Alexander, 
1981; and Harrison et a l, 2000) or simply because o f the presence o f additional carbon 
and energy source (Yagi and Soudo, 1980). Guzev et a l  (1997) studied the effect o f
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addition o f D-glucose to diesel contaminated soil and found that concentrations o f 
glucose up to lm g per g o f soil augments the population o f hydrocarbon-oxidising 
microorganisms about tenfold and increases biodégradation o f diesel, whereas greater 
amounts o f glucose inhibit diesel utilisation. Similarly, this inhibitory effect o f glucose 
was reported by Baryshnikova et a l (1994) when using chemostat culture. They found 
that the degradation o f diesel by Rhodococcm  minmus was inhibited when glucose was 
added at concentrations greater than 660 mg/L.
Harrison et a l (2000) found that the addition o f protein hydrolysate (derived from hoof 
and horn material) increased the number o f hydrocarbon-degrading organisms in soils, 
even when there was no hydrocarbon present. This illustrates that hydrocarbonoclastic 
microbes are present in uncontaminated soils and that their numbers can be increased by 
other carbon sources apart from hydrocarbons. The same author also found that the 
addition o f protein hydrolysate to a diesel contaminated soil significantly enhanced the 
removal o f diesel, with 21% more diesel removal in the amended soil after a 21 day 
period.
The addition of particulate organic material to a water system, in the form o f ground, 
sterile com-slash (post-harvest leafs and stems) was found to enhance the diesel fuel 
degradation (Piehler el a l , 1999). This enhancement was attributed to, increased 
bacterial biomass through the stimulation o f bacterial growth in the presence o f greater 
surface area for microbial attachment, and the presence o f some readily available carbon 
from the com.
An organic carbon source which has received little attention in the past as a possible 
amendment is molasses. Molasses is the by product o f the sugar industiy and is the final 
syrup spun off after repeated crystallisation in the extraction o f sugar. It is a dark heavy 
viscous liquid from which no further sugar can be crystallised by normal methods. The 
material contains a rich source o f organic carbon, as well as a high mineral and vitamin 
content (Al-Hadhrami et a l , 1996). Sugar cane molasses was used by Al-Hadhrami et 
a l (1996) as a novel approach to enhance bacterial respiration and w-alkane
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biodégradation o f Omani crude oil. They reported that there was a statistically 
significant enhanced degradation of a number o f the w-alkanes found in the crude oil. 
They found that the w-alkanes Cm, C15, Ci6, C17, C25, C29 and C30 were degraded to a 
greater extent in the presence o f molasses, than in its absence. A further study by the 
same author (Al-Hadhrami et a l , 1997) confirmed these results by demonstrating that 
the presence o f molasses significantly enhanced the biodégradation o f pure «-alkanes 
ranging from n-Cm to n-C25
Spent grain, which is a by-product from the brewing industry, is an organic material 
which to the best o f the author’s knowledge has never been used in laboratory studies to 
amend soils contaminated with hydrocarbon compounds. This material is rich in protein, 
fat and fibre which make it ideal for use as an organic amendment. Apart from its 
chemical and physical attributes, this material has other advantages in that it is produced 
in large quantities (Guinness Ireland produce -80,000 tonnes per year), is relatively 
cheap and is readily available in most countries.
One factor that should be noted, is that, when organic carbon is added in order to 
manage treatment o f hydrocarbon contaminated soils, addition o f nitrogen and 
phosphorous will be required to bring the C:N:P ratio close to that o f the bacterial 
biomass (Riser-Roberts, 1998), which incur additional expenditure.
2.8.4 Bioaugmentation
It is unknown what is required for a microorganism to become “indigenous” to a 
particular environment. However, such microorganisms have become the stable 
members o f a community and have a selective competitive advantage in occupying 
available niches in that environment (Atlas and Bartha, 1993). Biological treatment 
methods, generally, rely upon the stimulation and natural selection o f indigenous 
microorganisms in the soil or groundwater (Sims and Bass, 1984). However, there may 
be scenarios where the natural microflora may not have the metabolic capacity to
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degrade certain compounds or on the other hand, may have that ability but not the 
biomass necessary to degrade the compounds rapidly enough to meet the treatment 
criteria (Riser-Roberts, 1998).
When a contamination incident occurs that requires immediate treatment or when the 
indigenous microorganisms at the site lack sufficient numbers or capacity to degrade the 
pollutants involved, bioremediation design specialists often turn to the possibility o f  
employing cultures o f  “specialised” microbes that are artificially introduced into the soil. 
This introduction o f  microbial inoculants into an environment in order to promote and/or 
enhance bioremediation is referred to as bioaugmentation or seeding (King et a l , 1997).
This technique involves independently culturing either natural isolates or genetically 
engineered microorganisms (GEMs), selected for their ability to degrade or transform 
specific hazardous pollutants, and then adding them to the contaminated material, in 
order to increase the rate and/or the extent o f  biodégradation o f  the pollutant. Seeding 
microorganisms into soil was first tried around 1968 (Gutnick and Rosemberg, 1977) 
when an inoclum o f  Cellumonas sp. and nutrients were shown to degrade hydrocarbon 
contaminants more effectively than nutrients alone (Schwendinger, 1968). Since then 
bioaugmentation has been applied in a number o f  different cases with varying success.
From reviewing the literature, the best results from bioaugmentation experiments have 
been reported in studies in which the environment is controlled to some extent, such as 
in laboratory fermentors and chemostats where competition with the indigenous 
microflora is reduced or nonexistent and system parameters can be optimised to achieve 
the highest rates o f  biodégradation (Leahy and Colwell, 1990). Another area where 
seeding with hydrocarbonoclastic microorganisms appears to be a promising treatment is 
for severely environmentally distressed soil, such as the Artie climates, where the 
activity and growth rate o f  the indigenous organisms may be limited (Hunt et a l, 1973).
Terrestrial ecosystems, typically, contain large numbers o f  microorganisms, including a 
significant proportion o f  hydrocarbon-utilising microorganisms, which readily increase
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in response to hydrocarbon contamination (Atlas, 1977; and Lee and Levy, 1987). The 
presence o f  these indigenous microbial populations which are highly adapted to a 
particular soil environment would be expected to negatively influence the ability o f  
introduced microorganisms to compete successfully and survive. Other potential 
problems associated with bioaugmentation soil environments are reviewed by Goldstein 
e ta l (1985) and Riser-Roberts (1998) and include, insufficient movement o f  introduced 
microbes through the soil system to the areas o f contamination, predation by higher 
organisms, extreme weather conditions, presence o f  inhibitory substances and the 
preferential metabolism o f competing organic substances.
2.8.5 Contaminant alteration
As mentioned before, oil-water interfacial tension and adsorption o f  petroleum 
hydrocarbons are the two most important factors affecting their biodégradation (Setti et 
al, 1995). In the past number o f  decades a great deal o f  work has been carried out on 
attempting to decrease interfacial tension and adsorption o f  petroleum products through 
the addition o f  surfactants. Surfactants are surface-active compounds that promote the 
wetting, solubilisation and émulsification o f  various compounds, including 
hydrocarbons, (Amdurer et a l, 1985) and it is hypothesised that they can increase the 
bioavailability and in-tum biodégradation rates o f  hydrophobic contaminants. The 
following sections introduce surfactants and their application in bioremediation 
processes.
2.9 Surfactants
Surfactants are amphipathic molecules which contain both a hydrophilic (“water- 
loving”) and a hydrophobic/lipophilic (“oil-loving”) moiety within the same molecule 
(Figure 2.5a). Since both the hydrophobic and hydrophilic groups reside within the same 
molecule, surfactants tend to partition at the interfaces between fluid phases with a
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different degree o f  polarity and hydrogen bonding, like that o f  oil/water or air/ water 
interfaces (Figure 2.5b). They also have the ability to partition at water/solid interfaces, 
acting as a wetting agent (Fiechter, 1992).
Figure 2.5. (a) surfactant molccule 
denoted by a circle representing 
the hydrophilic head attached to a 
hydrocarbon tail; (b) partioning at 
a water/oil interface; (c) circular 
micelle formation
A property that all surfactants share is that they are surface active and reduce surface and 
interfacial tension o f  fluids. For example, distilled water has a surface tension o f  
73mNm'1 at 20°C. Through the addition o f  an effective surfactant this value can be 
lowered to < 30m N m \ However surfactant addition will only lower the surface tension 
o f  liquids to a certain level after which additional surfactant will not significantly lower 
the surface tension any further (See Figure 2.6). The concentration o f  surfactant required 
to achieve the lowest possible surface tension is defined as the critical micelle 
concentration (CMC). Alternatively, the CMC is defined as the surfactant concentration 
at which the concentration o f  free monomers ceases to increase and any further 
monomers added will form micellar structures (Zhang and Miller, 1992). In the process 
o f  micelle formation, the surfactant molecules that aggregate to form micelles have the 
ability to surround slightly soluble molecules (Figure 2.5c), a process that effectively
Hydrophobic Tail
Hydrophilic Head
a
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disperses or emulsifies them into the aqueous phase (Singer and Finnerty, 1984). It is the 
minimal surface tension value and the CMC o f a surfactant that is used to give a 
measure o f  the efficiency o f  the surfactants (Fiechter, 1992).
Figure 2.6. Schematic diagram o f  the variation o f  surface tension, interfacial and 
contaminant solubility with surfactant concentration. Reproduced with permission from 
Mulligan et a l (2001).
Surfactants can be divided up into different groups depending on the charge o f  the 
hydrophilic portion o f  the molecule. The hydrophile achieves its water solubility either 
by its ionic nature or by hydrogen bonding. Thus, we have ionic or nonionic surfactants 
depending on the nature o f  the hydrophile. The ionic surfactants are divided into anionic 
(negatively charged) and cationic (positively charged). Surfactants having the ability to 
exhibit both positive and negative sites are called amphoteric. Those surfactants which 
do not have any ionic charges are called nonionic.
At present, almost all surfactants currently in use are chemically synthesised, with 
petroleum as the raw material and are referred to as synthetic surfactants (Banat et a l, 
2000). However, in the last number o f  decades another group o f  surfactants which have 
received increased attention are microbially produced surfactants, more commonly 
known as biosurfactants.
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2.9.1 Biosurfactants
The term “biosurfactant” has been used very loosely and refers to any usable and 
isolatable compound obtained from microorganisms that have some influences in 
interfaces. Thus, it is also used for emulsifying and dispersing agents that do not 
significantly lower the surface tension o f  water or exhibit other properties o f  a classical 
surfactant (Desai and Desai, 1993).
Biosurfactants are a structurally diverse group o f  surface-active molecules synthesised 
by living cells. Like synthetic surfactants, biosurfactants are chemicals which have both 
clearly defined hydrophobic and hydrophilic groups. They have the ability to reduce 
surface and interfacial tensions in both aqueous solutions and hydrocarbon mixtures 
(Banat, 1995). Because o f  their structural diversity, their possible production by 
fermentation and many potential areas o f  use (environmental protection, petroleum 
production, cosmetics, crop protection and drugs), biosurfactants are very attractive 
alternatives to chemically synthesised surfactants (Lang and Wullbrandt, 1999). It is 
because o f  the above and the fact that they have the ability to meet most synthetic 
surfactant requirements that world-wide interest in biosurfactants has increased 
dramatically (Morkes, 1993).
Biosurfactants have a number o f advantages over synthetic surfactants. Owing to the 
diverse biosynthetic capability o f  microbes, novel compounds can be produced, which 
may be different and more effective for specific purposes than chemical surfactants (Van 
Dyke et a l, 1991). In addition, the chemical structure and physical properties o f  
biosurfactants can be modified by either genetic, biological, or chemical manipulations 
allowing one to tailor biosurfactants for specific needs (Johnson and Schroeder, 1995). 
For example, Wild et a l (1997) reported the selective isolation o f  a rhamnolipid 
deficient mutant bacterium which did not produce mono-rhamnolipid, one o f  two 
rhamnolipids normally produced by the non-mutated species.
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Biosurfactants are also very stable in extreme environments. Kretschmer et a l (1982) 
reported that a trehalose lipid produced by Rhodococcus erythropolis was stable at 
extreme pH values from pH 1.0 to pH 14.0 at 40°C. Guijar et al. (1995) isolated a 
bioemulsifier produced by Bacillus stearothermopilus VR-8 which was stable at pH 
values o f  2.0 to 8.0.
It has also been reported that biosurfactants are also stable at extreme temperatures. 
Banat (1993) isolated a biosurfactant from a thermophilic Bacillus sp. which was stable 
after heat sterilisation at 120°C for 10 minutes. A bioemulsifier isolated by Guijar et al. 
(1995) was stable over a temperature range o f  50 to 80°C, whilst the surface activity o f  
the biosurfactant isolated by Kretschmer et a l (1982) was not reduced at temperatures 
exceeding 90°C. At the other extreme Whyte et al. (1999) isolated a biosurfactant from a 
Rhodococcus sp. which was found to be stable at temperatures as low as 5°C.
Another advantage o f  biosurfactants is that they may be synthesised from renewable 
feed stocks such as glucose, sucrose, lactose, natural oils such as Soya oil, Olive oil, 
Corn oil (Mercade et a l , 1993; and Sim et al, 1997) as well as molasses and comsteep 
liquor (Patel and Desai, 1997).
However, probably the most important advantage o f  bio surfactants over chemical 
surfactants is their ecological acceptability (Zhou and Kosaric, 1995). Biosurfactants are 
naturally occurring, biodegradable products and have low toxicity, while chemically 
synthesised surfactants cause ecological problems owing to their resistance to 
degradation, toxicity and accumulation in natural ecosystems. Thus, the release o f  
biosurfactants to the environment may be easier to justify to appropriate regulatory 
agencies than the release o f  synthetic surfactants (Joong-Hoon et al, 1998)
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2.9A. 1 Biosurfactant origin and classification
Unlike chemically synthesised surfactants, which are classified according to the nature 
o f  their polar groupings, biosurfactants are categorised mainly by their chemical 
composition and their microbial origin (Desai and Banat, 1997), In general, their 
structure includes a hydrophile moiety consisting o f amino acids or peptides, anions or 
cations; mono-, di-, polysaccharides, and a hydrophobic moiety consisting o f  
unsaturated or saturated fatty acids. Accordingly, the major classes o f  biosurfactants 
include glycolipids, lipopetides, lipoproteins, phospholipids, fatty acids, polymeric 
surfactants, and particulate surfactants. Structural types o f  these classes are shown in 
Figure 2.7.
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Figure 2.7. Structure of three common glycolipid surfactants. (A) Rhamnolipid type 1 from 
Pseudomonas aeruginosa in which two rhamnose subunits are linked to two ß-hydroxydecanoic 
acids in a side chain. (B) Trehalose lipid from Rhodococcus erythropolis, in which the 
disaccharide trehalose is linked to two long-chain a-branched ß-hydroxy fatty acids. (C) 
Sophorolipids from Torulopsis bombicola in which dimeric sophorose is linked to a long-chain 
(Cl8) hydroxy fatty acid (Desai and Banat, 1997).
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Owing to their diverse biosynthetic capabilities, microbes are among the most promising 
candidates in the search for enlarging the present range o f  surfactants. Over the last 
century numerous microbes have been isolated with the ability to produce surface active 
compounds and even today many isolates are being discovered with the ability to 
produce surface active compounds. The biosurfactant-producing microbes are not 
limited to one particular species but are distributed among a wide variety o f  genera, with 
the majority o f  biosurfactants being produced by bacteria. However, fungi and yeasts 
have also been reported to produce surface-active compounds. The major types o f  
biosurfactants and their microbial origin are listed in Table 2.4.
Table 2.4. Biosurfactant producing microorganisms and the types of biosurfactants they 
produce.____________________________ _________________________________ _____
Group Biosurfactant Microorganism Reference
Glycolipids Rhamnolipids Pseudomonas aeruginosa Zhang and Miller 1992; 
Ochsner et al., 1994; and 
Haba et al., 2000.
Pseudomonas sp. Hisatsuka eta l, 1971
Pseudomonas fluorescens Wilson and Bradely, 
1996
Bacillus sp. Banat, 1993
Trehalose lipids Rhodococcus erythropolis Rapp et al., 1979
Arthrobacter parafflneus Duvnjak etal., 1982
Rhodococcus sp. P ageeia /., 1999
Sophorolipids Torulopsis bombicola Kosaric etal., 1984
Torulopsis petrophilum Cooper and Paddock, 
1983
Arthrobacter sp. Suzuki et al., 1974
Candida bombicola Zhou and Kosaric, 1995
Glucose lipid Alcahgenes sp. Schulz etal,  1991
Lipopeptides
and
lipoproteins
Lichenysin Bacillus licheniformis Yakimov etal, 1995
Surfactin Bacillus subtilis Cooper etal, 1981
Bacillus pumilus Morikawa etal,  1992
Bacillus licheniformis Lin et al, 1994; Jenny et 
al, 1991.
Arthrofactin Arthrobacter sp. Morikawa et al, 1993
Surlactin Lactobacillus acidophilus Velraeds etal, 1997
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Table 2.4 continued.
Group Group Group Group
Gramicidins Bacillus brevis Marahiel e /a /., 1977
Viscosin Pseudomonas fluorescens N eu eia /., 1990a
Fatty acids 
and
phospholipids
Fatty acids Corynebacterium lepus C o o p e r i ai, 1979
Neutral lipid Nocardia erythropolis MacDonald et al.t 1981.
Bacillus cereus Cooper and Goldenberg, 
1987
Phospholipids Thiobacillus thiooxidans. Beeba and Umbreit, 1971
Polymeric Liposan Candida lipolytica Cirigliano and Carman 
1984
Emulsan Acinetbactor calcoaceticus Rosenberg, 1993a, 1993b
Carbohydrate-
protein-lipid
Corynebacterium
hydrocarboclastus
Zajic et a l, 1977
Bacillus stearothermophilus Gurjare/a/., 1995
Alasan Acinetobacter radioresistens Barkay et al., 1999
Particulate
biosurfactants
Whole cell Variety o f  bacteria Rosenberg, 1993 a.
2.9.2 Application o f surfactants in bioremediation
Although most petroleum hydrocarbons are biodegradable, rates o f  biodégradation in the 
environment are limited due to numerous factors. It is generally believed that sorbed and 
solid phase hydrocarbons are not available to microorganisms and it is the limited rate o f  
mass transfer o f  hydrocarbons from the sorbed and solid phase to the aqueous phase that 
is responsible for slow biodégradation according to Zhang et al. (1997). Addition o f  
surfactants to hydrophobic contaminants have the potential to overcome this problem as 
a result o f  their ability to lower surface/interfacial tensions and increase the aqueous 
solubility and in turn increase the bioavailability o f  these materials to hydrocarbon 
degrading microorganisms. This potential has been widely recognised and many 
investigators have evaluated the effects o f  adding surfactants to environments to 
promote biodégradation.
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The use o f surface active compounds in the clean up o f petroleum hydrocarbon releases 
to the environment is not a new concept. In 1967 oil-dispersing agents were used in the 
clean up o f the Torrey Canyon oil spill (Al-Hadhrami et a l , 1996). However, these first 
dispersing agents were generally solvent-based and highly toxic and, therefore, not 
acceptable for long term use in the environment (Al-Hadhrami et a l, 1996). In response 
to this, a second generation o f  dispersing agents was formulated that incorporated less 
toxic constituents.
A variety o f  experimental systems and initial conditions have been used to study the 
effects o f  surfactants on biodégradation, making direct comparisons between findings o f  
these studies difficult. So far, most experimental approaches described in the literature 
have been empirical. N o mechanistic model o f  the influences o f  surfactants on the 
biodégradation o f hydrophobic substrates has been developed, and any recent attempts 
to do so in well defined systems have not provided a satisfactory quantitative model. The 
majority o f  studies have been carried out in laboratory scale systems, with most o f  the 
investigators concentrating on either individual or homologous series o f  hydrocarbon 
compounds, rather than the more complex fuel mixtures.
To date, there are contradictory reports as to whether surfactants are beneficial or not to 
the biodégradation o f petroleum hydrocarbons. Some investigators have reported 
stimulation o f  the biodégradation o f  hydrocarbons through the addition o f  surfactants, 
some have reported that surfactants have no effect on biodégradation processes, whilst 
other investigators have found that surfactants actually inhibit the biodégradation o f  
hydrocarbons.
2.9.2.1 Effect o f synthetic surfactants on bioremediation
Several investigators have shown that synthetic surfactants can improve physical 
removal o f  aromatic and aliphatic hydrocarbons from soil in laboratory columns 
(USEPA, 1985; Abdul and Gibson, 1990, 1991; Abdul et al. 1992; and Ang and Abdul,
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1991) and in slurries (Aronstein et al., 1991; Laha and Luthy, 1991, 1992; and Aronstein 
and Alexander, 1992). In order for surfactants, either synthetic or biological, to be 
effective at the physical removal o f entrapped hydrocarbon compounds, a concentration 
above their CMC is required to mobilise the compounds (Herman et a i ,  1997). However, 
physical removal only removes the hydrocarbon from the soil, and there is still the 
problem of treatment o f this contaminated aqueous phase which can be just as difficult 
as the original problem.
Several authors have investigated the use o f synthetic surfactants in enhancing the 
bioremediation o f hydrocarbon contaminated soil and have shown that certain synthetic 
surfactants enhance the biodégradation o f different hydrocarbons in soil slurries (Table 
2.5) and in soil microcosms (Table 2.6).
In contrast, numerous other studies have shown that synthetic surfactants do not enhance 
hydrocarbon biodégradation, but instead, inhibit the biodégradation o f hydrocarbons in 
soil slurries (Table 2.7) and in soil microcosms (Table 2.8).
The majority o f surfactants investigated in these studies were nonionic with only a few 
anionic surfactants been examined. Cationic surfactants have not been used in this area 
of research because soils have a negative charge and thus retain cationic compounds and 
also because they often possess high antimicrobial activity against a broad range of 
Gram positive and Gram negative bacteria (Irkhin et al., 1989).
Table 2.5. List o f surfactants that enhance the bioremediation of hydrocarbons in soil- 
slurry system s____________ ________________________ ___________________________
Surfactant Surfactant
type
H ydrocarbon Reference
Alfonic 810- 
60
Nonionic Phenanthrene,
Hexadecane
Fu and Alexander, 1995
Brij 35 Nonionic Phenanthrene Jahan et a i ,  1999
Corexit 0600 Nonionic Phenanthrene Jahan et a l ,  1997
Triton X-100 Nonionic Phenanthrene Fu and Alexander., 1995
Tween 40 Nonionic Phenanthrene Jahan e t a l , 1997
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Table 2.6. List o f surfactants that enhance the bioremediation of different hydrocarbons 
in soil systems.___________________________________ ____________________________
Surfactant Surfactant
type
Hydrocarbon Reference
Witconol
SN70
Nonionic Pyrene Thibault et al., 1996
Triton X-100 Nonionic Cresote Carriere and Mesania, 1995
Table 2.7. List o f surfactants that inhibit the bioremediation of hydrocarbons in soil- 
slurry systems. _________________________ _____ ______________________________
Surfactant Surfactant
type
Hydrocarbon used Reference
Witconol SN70 Nonionic Pyrene Thibault et al., 1996
Triton X-100 Nonionic anthracene Stelmackef a/., 1999
Dowfax 8390 Anionic anthracene Stelmack et a l ,  1999
Neodol 25-3 S Anionic phenthrane Fu and Alexander, 1995
Table 2.8. List of surfactants that inhibit the bioremediation o f different hydrocarbons in 
soil systems. ____________ ______________________ ___________________________
Surfactant Surfactant
type
Hydrocarbon used Reference
SDS Anionic 13 of the 16 USEPA 
priority PAH, diesel
Deschenes et al, 1996; 
Margesin and Schinner, 1999
Triton X-100 Nonionic Weathered Diesel fuel Bregnard eta l, 1998
2.9.22 Effects o f  biosurfactants on bioremediation
Growing interest in biosurfactant application for treating petroleum hydrocarbon 
contamination has developed recently (Van Dyke et a l, 1993; and Banat et a l , 2000). 
As with synthetic surfactants, inconsistent results exist as to the effectiveness of using 
biosurfactants to augment hydrocarbon bioremediation processes in soil.
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Biosurfactants have been used to enhance physical removal o f hydrophobic compounds 
from soil systems, and have been well documented by Van Dyke et al (1993), 
Scheibenbogen et a l (1994), Roy et a l (1997) and Bai et a l (1997). They all reported 
that certain biosurfactants are as effective as, if not better, than synthetic surfactants at 
removing hydrophobic compounds from soil particles. Shreve et a l (1995) described a 
rhamnolipid biosurfactant, produced by a Pseudomonas aeruginosa, that was 
approximately nine times more effective at solubilising hydrocarbon into aqueous phase, 
than the structurally similar synthetic anionic surfactant alky benzene sulfonate (ABS).
As regards the use o f bio surfactants to enhance biodégradation of hydrocarbon 
compounds, results in the literature are just as conflicting as those for synthetic 
surfactants. For example, Jain et a l (1992) used a non-sterile silt loam soil to assess the 
biodégradation o f a model hydrocarbon mixture and reported that the addition o f 100 pg 
of UG2 biosurfactant per g o f soil, a rhamnolipid surfactant produced by Pseudomonas 
aeruginosa UG2, significantly enhanced the biodégradation o f  the aliphatic tetradecane, 
pristane and hexadecane, but not o f the aromatic 2-methylnaphthalene, the more water- 
soluble o f the four compounds. In the absence o f  biosurfactant, 71%, 60%, and <2% o f 
tetradecane, hexadecane and pristane, respectively, was degraded in a 2 month period, 
while in the presence o f the biosurfactant these figures were increased to 82%, 72% and 
33% respectively. Other authors who reported stimulation o f biodégradation upon 
biosurfactant addition are listed in Table 2.9.
The affect biosurfactant addition has on hydrocarbon biodégradation is not always 
advantageous with a number o f authors reporting a decrease in hydrocarbon degradation 
through the addition o f certain biosurfactants (Table 2.10). For example, Zhang and 
Miller (1994) reported that rhamnolipid biosurfactant (0.6mM), produced by 
Pseudomonas aeruginosa ATCC 9027, inhibited the biodégradation o f octadecane by 
four different strains tested.
58
Table 2.9. List of biosurfactants that enhance the bioremediation of hydrocarbons.
Biosurfactant type System used Hydrocarbon used Reference
Rhamnolipid Soil-Slurry Phenanthrene, Crude oil Providenti e/ a l , 1995, Rocha and Infante, 
1997.
Rhamnolipid Soil Tetradecane, Hexadecane, Pristane, 
Phenanthrene Jain et a l ,  1992; Herman et a l ,  1997
Sophorolipids Soil-slurry Tetradecane, Pentadecane, Hexadecane, 
Pristane, Naphthalene, Phenyldecane
Oberbremer e ta l ,  1990
Table 2,10. List o f bio surfactants that inhibit the bioremediation o f hydrocarbons.
Biosurfactant type System used Hydrocarbon used Reference
Rhamnolipid Soil 13 EPA priority PA H ’s Deschenes e ta l ,  1996
Rhamnolipid Soil-slurry Phenanthrene Providenti e ta l ,  1995
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2.9.2.3 Mode o f su if actant enhancement
The main way in which surfactants enhance hydrocarbon biodégradation is understood 
to be by increasing the bioavailability o f hydrocarbons. The means by which surfactants 
enhance bioavailability o f hydrocarbon compounds can be explained by three main 
mechanisms: (i) dispersion o f nonaqueous-phase liquid hydrocarbons, leading to an 
increase in contact area, which is caused by the reduction in the interfacial tension 
between the aqueous phase and the nonaqueous phase; (ii) increased solubility o f the 
pollutant, caused by the presence o f micelles which may contain high concentrations o f 
hydrophobic organic compounds and (iii) “facilitated transport” o f the pollutant from the 
solid phase to the aqueous phase, which can be caused by a number o f phenomena, such 
as lowering o f the surface tension o f pore water in soil particles, interaction o f the 
surfactant with solid interfaces, and the interaction o f the pollutant with single surfactant 
molecules (Volkering et a l,  1995)
It has previously been reported that the addition of surfactants to soil and aqueous 
systems, can affect microbial localisation, promoting localisation at fluid interfaces 
involving hydrophobic phases, which in-tum can enhance biodégradation (Shreve et al.,
1995). Another method by which surfactants enhance biodégradation o f hydrophobic 
compounds is that they may act as inducers o f enzymes necessary for hydrocarbon 
breakdown, or may be incorporated into the cell membrane, altering its properties so that 
hydrocarbons can more readily enter the cell (Brueil and Kushner, 1980).
2.9.2.4 Mode o f  surfactant inhibition
Even though there are numerous scenarios where surfactants enhance the biodégradation 
o f hydrocarbon compounds there are as many, if  not more, reporting that surfactants 
have been either a neutral or inhibitory effect on hydrocarbon biodégradation. The 
mechanism by which surfactants inhibit biodégradation processes appear to be very
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complex and to date not fully understood. A number o f possible explanations have been 
hypothesised by different authors.
Surfactants when applied at concentrations above their CMC, aggregate to form micelles 
which incorporate fine droplets o f the hydrophobic substrate into the micelle which 
subsequently enters the aqueous phase. Then the problem arises as to whether the 
degrading organisms can utilise this micelle bound substrate. Volkering et a i (1995) 
reported that the biodégradation of naphthalene by Pseudomonas sp. 8908N was 
inhibited by Triton X-100 and Tergitol NPX when applied at concentrations above their 
CMC, due to the naphthalene in the micellar phase not being readily available to the 
microorganisms.
Other authors have demonstrated that the preferential utilisation of certain surfactants by 
the degrading microorganisms was responsible for the inhibition observed in the 
biodégradation o f different hydrocarbons (Providenti et a l, 1995; and Deschenes et a i,
1996)
The toxic effect o f actual surfactants towards the degrading microorganisms can also be 
responsible for inhibiting the biodégradation process (Lupton and Marshall, 1979; 
Tiehm, 1994; Roch and Alexander, 1995; and Jahan et a i , 1997), while high 
concentrations o f the actual solubilised hydrocarbons may also be toxic to the degrading 
populations (Carriere and Mesania, 1995).
Foght et a i (1989), Shreve et a i (1995), Bruhem et a i (1997), Churchill and Churchill, 
1997, Herman et al. (1997), and Stelmack et a i (1999) found that attachment o f certain 
hydrocarbon degrading bacteria, such as Rhodococcus sp., Mycobacterium sp. and 
strains o f Pseudomonas, to the oil phase is essential for their growth on hydrophobic 
compounds and that the presence o f surfactants can decrease their attachment to the 
hydrocarbons which consequently reduces their ability to utilise the substrate.
Despite these general trends, the effects o f surfactants and biosurfactants on the 
biodégradation o f organic compounds are difficult to predict.
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2.10 Objectives of present study
• To screen for and isolate microorganisms with the ability to produce 
biosurfactant, from local environment samples.
• To characterise the biosurfactants and to assess their effectiveness in enhancing 
the bioremediation o f diesel contaminated soil.
•  To evaluate the effect o f amendment o f diesel contaminated soil with two novel 
organic materials, dried molassed sugar beet pulp and spent brewery grain, on 
the bioremediation o f diesel contaminated sandy soil.
•  To investigate the degradation rates o f different components of diesel; tf-alkanes, 
unresolved complex mixtures and pristane.
62
3. Materials and Methods
3.1 Chemicals and Reagents
Calcium chloride, di-potassium hydrogen phosphate, ammonium nitrate, ferric chloride, 
potassium dihydrogen phosphate, magnesium sulphate, ammonium chloride, sodium 
chloride, di-sodium hydrogen phosphate, potassium chloride, sodium chloride, 
ammonium dihydrogen phosphate, ferric sulphate, methanol, ethanol, crystal violet, 
naphthalene and mercuric chloride (all general purpose reagents) were purchased from 
BDH Chemicals, Poole, Dorset, U.K. Nonane, decane, undecane, dodecane, tridecane, 
tetradecane, pentadecane, hexadecane, heptadecane, octadecane, nonadecane, eicosane, 
heneicosane, docosane, tricosane, tetracosane, pentacosane, 1-phenyltridecane (all 99%+ 
pure), 1-phenylhexane (97%+), acetic acid, sulphuric acid (Analar grade), Tris-HCl 
(reagent grade), Safranin, and anthrone were purchased from Sigma Aldrich, Tallaght, 
Dublin. Hexane (HPLC grade) was purchased from Lab Scan, Stillorgan, Dublin. 
Glucose and urea (general purpose grade) were purchased from Lennox, John F. 
Kennedy Drive, Nass Road, Dublin 12. Chloroform was purchased from Alkem 
Chemicals Ltd., Little Island Industrial Estate, Cork. Proteose peptone, nutrient agar, 
yeast extract and anaerogen (all Oxoid) were purchased from Browns Medical and 
Laboratory supplies, Sandyford Industrial Estate, Foxrock, Dublin. Ringers (Lab-M) was 
purchased from Cruinn Diagnostics Ltd., Unit 6, Phase 2 Western Industrial Estate, 
Knockmitten Lane, Dublin 12.
3.2 Apparatus
Torsion balance, Model OS, from White Elec. Inst. Co. LTD., Spring Lane North, 
Worchetershire, WR14 1BL, U.K. Air pump, Model B100 SE, from Charles Austin 
Pumps Ltd., 100 Royston Road, Byfleet, Surry, U.K. Ultrasonic bath from Ultrawave 
Ltd. Oxford St. Cardiff CF2 1YY, U.K. BI-2000 electrolytic respirometer from 
Bioscience, Inc., 1550 Valley Center Parkway, Suite 140, Bethleham, PA 18017, USA.
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Hitachi U -l 100 spectrophotometer UV, Shimadzu Gas Chromatograph, Model GC-17A, 
Shimadzu Class VP (Version 4.2) software and a Chrompac CP-Sil 8 CB capillary 
column from Masons, Greenville Hall, 228 South Circular Road, Dublin 8. Rotary 
evaporator (Labo-Roto 300), orbital laboratory shaker KS 125, Whatmann filter papers 
and Watmann K5F silica gel 150A TLC plates all from Alkem Chemicals Ltd., Little 
Island Industrial Estate, Cork. The BIOLOG identification system including the Biolog 
turbidimeter, the BIOLOG microplate reader, and the Microlog 3 software as well as 
GN, GP, and YP plates were all purchased from AGB Scientific Ltd., Dublin Industrial 
Estate, Dublin 11, Dublin. Sigma 3-15 centrifuge, sterile 1ml & 10ml pipettes, 0.22jnm 
filters, petri dishes from Sigma Aldrich, Tallaght, Dublin. Microbank from Pro-lab 
Diagnostics, 7 Westwood Court, Neston, South Wirral, Cheshire, U.K.
3.3 Materials.
3.3.1. Soil
The soil used throughout this study was a sandy soil collected from the top 15cm of the 
soil surface from a location in Co. Sligo, Ireland (grid G69 37 from Vi inch map, sheet 7, 
Ordnance Survey o f Ireland, 1980). The site was a sand dune ecosystem isolated from 
any industrial or human activity, with no historical record o f contamination and it could 
be reasonably assumed that no selection o f specialised microorganisms had taken place. 
The collected soil was air-dried, passed through a 2mm aperture sieve, and stored at 
room temperature prior to use. The soil was classified as fine sand as it had greater than 
50% particles between 0.5 and 0.1mm (Day, 1965). The main physical -  chemical 
characteristics o f the soil which included organic matter, organic carbon, total Kjeldahal 
nitrogen, available phosphorus and available potassium were determined by laboratory 
analysis using standard methods (Black, 1965). The results are summarised in Table 3.1.
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Table 3.1. Physical-chemical properties of the soil.
Parameter Concentration (per dry weight)
pH 7.7
Organic Matter 9.89 % (w/w)
Organic Carbon 0.41 % (w/w)
Available phosphorus 12 mg/kg
Total Kjeldahal nitrogen 150 mg/kg
Available potassium 30 mg/kg
NH4-N *2.4 mg/kg
NO3-N *3 mg/kg
Moisture holding capacity 36.57 % (w/w)
* = Analysis carried out by Teagasc laboratories.
Results are an average of 3 samples.
3.3.2. Dried molassed sugar beet pulp
Dried molassed sugar beet pulp (DMSPB) is a by-product o f the Irish sugar industry. It 
consists o f the residues left after the extraction of juices from the topped and tailed roots 
o f sugar beet mixed with molasses. The final product contains between 22 and 30% 
molasses (Ryan, 2002). The other main characteristics o f DMSBP are presented in Table
3.2.
3.3.3. Spent brewery grain
Spent brewery grain is a by product o f beer production from Guinness Ireland, Dublin, 
Ireland. This material, rich in protein, fat and fibre, is currently used as a low grade 
animal feed ingredient. Table 3.3 shows the main characteristics o f this material.
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Table 3.2. Physical-chemical properties of the dried molassed sugar beet pulp.
Parameter Concentration (per dry weight)
Moisture 12.5% (w/w)
pH 5.8
Organic Matter 94.4% (w/w)
Organic Carbon 31.18%(w/w)
Total Kjeldahal nitrogen 1.42%
NH4-N *197mg/kg
NO3-N *205 mg/kg
Total protein a9.5%
Fats a0.7%
Sugars a22%
Fibre a12.5%
Ash a8.9%
a = Results obtained from manufacturers.
* = Analysis carried out by Teagasc laboratories.
Results are an average of 3 samples.
Table 3.3. Physical-chemical properties o f the spent brewery grain.
Parameter Concentration (per dry weight)
Moisture <1% (w/w)
pH 5.7
Organic Matter 94.9% (w/w)
Total Kjeldahal nitrogen 13.88%
NH4-N *78 mg/kg
NO3-N *<9mg/kg
Total protein a29.7%
Fats a8.2%
Sugars a4.4%
Fibre a51.8%
Mineral matter a3.7%
a = Results obtained from manufacturers.
* = Analysis carried out by Teagasc laboratories.
Results are an average of 3 samples.
66
3.3.4 Diesel
The diesel used in this study was agricultural grade diesel and was obtained from a 
Statoil service station in Sligo. The exact composition o f the diesel used in this study is 
not known as it depends on its origin and, is also batch specific. The specifications for 
diesel produced by Statoil are presented in Table 3.4 and the diesel used in this study 
falls within these limits.
Table 3.4. Specifications for diesel produced by Statoil Ireland Ltd.
Property Units Specification Typical
Appearance at 20°C Clear & Bright Clear & Bright
Water ppm-wt <=200 40
Density at 15°C kg/m3 820.0-845.0 844.5
Recovered at 250°C %-vol <=64 27
Recovered at 350°C %-vol >=85 94
50% recovered °C 240 - 300 278
95% recovered °C <=380 355
Color, ASTM <=1.5 <1.0
Flash point °C >=60 67
Total sulphur mg/kg <=50 45
PAH %-wt <=11 8
Copper strip corrosion 3h 
at 50°C
No. 1 No. 1
Oxidation stability g/mJ <=25 <=15
Viscosity at 40°C mm2/s 2 .0 0 -4 .5 0 3.05
Lubricity at 60°C jim <=460 <=460
Cloud point °C <=3 -4
Cold filter plugging point °C <=-5 -16
Carbon residue on 10% 
residue
%-wt <=0.20 <=0.15
Ash %-wt <=0.0. <=0.01
Particulate matter mg/L <=24.0 6
Total acid number mg KOH/g <=0.2 <=0.2
Cetane index, four 
variable
>=46.0 51.10
Cetane number >=51.0 51.6
Conducivity pS/m >=50 73
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3.4. Isolation of biosurfactant producing microorganisms
The first stage in the isolation o f a biosurfactant producing microorganism involved 
screening for hydrocarbon degrading microorganisms, as it has been well documented 
that biosurfactants are predominantly synthesized by hydrocarbon degrading 
microorganisms.
3,4.1 Isolation o f  diesel utilising microorganisms
Isolation o f hydrocarbon degrading microorganisms was carried by the standard 
enrichment isolation technique. Microorganisms were collected from two domestic 
sewage treatment facilities, one river water sample, one marine sediment, two pristine 
soil samples and one soil sample previously exposed to petroleum contamination. From 
each location approximately lOOg or 100 ml o f sample was collected and stored at 4°C 
until further use. For enrichment, bulk inoculum (lg  or 1ml of sample) was added 
separately to shake flasks (250ml Erlenmeyer flasks) containing 50ml Bushnell-Hass 
medium supplemented with diesel as the sole carbon source (Brown et a l y 1991). This 
medium consisted o f per litre; MgSC>4 (0.2g), CaCh (0.02g), K2HPO4 ( l .Og), NH4NO3 
(lg), FeCb (0.05g). After autoclaving and cooling, sterile diesel (cold sterilized by 
passing through a 0.45|im filter) was added to give a final concentration of 5% (v/v). 
Flasks were shaken at 180rpm at room temperature for two weeks. Ten ml o f the liquid 
portion was sub-cultured at biweekly intervals thereafter into fresh medium. After four 
sub-cultures, samples from flasks showing visible growth were diluted in Ringers (1ml 
in 9ml o f sterile ringers) and streaked onto nutrient agar and incubated at 22°C for 72 
hours. Single colonies were sub-cultured onto fresh agar plates in order to continue the 
isolation and purification.
Bushnell-Hass-Diesel medium was inoculated with the isolated strains to ensure they 
retained their capacity to grow on diesel as the sole carbon source. Only the strains 
which showed good visible growth indicating diesel utilization were selected for further 
investigations.
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3.4.2 Characterisation o f isolated microorganisms
3.4.2.1 Gram stain
The Gram stain was carried out following a protocol by Cappuccino and Sherman 
(1998). Briefly, purified cultures were smeared onto a clean glass slide, allowed to air 
dry and then heat fixed. The smear was then stained with crystal violet for one minute, 
washed with tap water and then gram’s iodine used as a mordant (one minute). The stain 
was decolorized with 95% ethanol and counterstained for 30 seconds with safranin. The 
stain was then washed with tap water and dried with blotting paper, before examination 
under an oil emersion lenses. Gram positive (GP) appeared purple/blue, gram negative 
(GN) appeared red/pink.
3.4.2.2 Microorganism identification
Isolated microorganisms were identified using the BIOLOG identification system. 
Biolog Microplates test the ability o f a microorganism to utilize or oxidize a pre-selected 
panel o f different carbon sources. The test yields a characteristic pattern o f purple wells 
which constitutes a “metabolic Fingerprint” o f the capabilities o f the inoculated 
organism.
Cultures were streaked onto nutrient agar and incubated for 6-12 hours at 30°C. Growth 
was rolled onto a sterile cotton swab and suspended in a sterile 20mm diameter test tube 
containing approximately 30ml of sterile saline solution (0.85% NaCl). The inoculum 
density o f the solution was adjusted to give a transmittance level o f 53% to 59% when 
using the Biolog turbidimeter (first the transmittance of the turbidimeter was set to 100% 
using uninoulated saline solution). This transmittance level gave an approximate cell 
density o f approximately 3 x 108 cells/ml.
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The cell suspension was then placed in a sterile petri-dish and using an 8-channel 
repeating pipetter, 150^1 of suspension was dispensed into the 96 wells o f the 
appropriate plates (i.e. GN plates for gram negative bacteria, GP plates for gram positive 
bacteria and YP for yeast). Care was taken not to carry over chemicals or splash from 
one well into another. The plates were then incubated at the temperatures and time 
period recommended by the manufacturers. After incubation, plates were read using a 
Microplate reader attached to a computer containing Microlog 3 software, which 
performed automatic readings o f the plates at a wavelength of 590nm. The pattern was 
then cross-referenced to an extensive library o f species and if an adequate match was 
found, an identification o f the isolate was made.
3.4.2.3 Cell hydrophobicity
The relative hydrophobicity o f  bacterial cells was measured by the BATH assay 
(Rosenberg and Rosenberg, 1980). Bacterial cells to be assayed were prepared by the 
following procedure. The bacteria were grown up for 24 hours in Bushnell-Hass-Diesel 
medium. The cultures were then centrifuged at 10,000 x g  for 10 minutes in order to 
concentrate the cells. The pellets o f cells were washed twice with Ringers solution to 
remove any interfering solutes. The cells were then re-suspended in buffer salts solution 
(pH 7.0) containing per litre; K2HPO4 (16.9g), KH2PO4 (7.3g), urea (1.8g), and 
MgS04.7H20 (0.2g), to give an optical density (OD) at 400nm o f 1.0. Cells (4.0ml) and 
hexadecane (1ml) were mixed in a screw-top test tube (1.5 by 8cm), and the test tube 
vortexed for lmin. After vortexing, the solution was allowed to stand for 30min. The 
aqueous phase was then carefully removed using a Pasteur pipette, and the turbidity o f 
the aqueous phase measured at 400nm. Hydrophobicity is expressed as the percentage of 
adherence to hexadecane which is calculated as follows:
TT , , 7 . . - ^  1 -  OD o f  the aqueous phaseHydrophobicity = 100 x ----------   - -------- -------
OD o f the cell suspension
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3.4.3 Culture maintenance
Strains were maintained short term on nutrient agar slants with transfers every two 
months to fresh slants. Each slant was incubated for 12 to 18 hours at 22°C before 
storage at 4°C. Long term storage was at -70°C using Microbank. In brief, a heavy turbid 
suspension of the organism is made in the cryo-solution, contained in the microbank 
vial. The vial is then mixed to coat the beads which are also contained in the vial. Excess 
cryo-solution is then removed using a sterile pipette and the vials were frozen at -70°C 
or stored in liquid nitrogen. Organisms were recovered when necessary by simply 
culturing one o f the beads in either nutrient broth or on nutrient agar plates.
3.4.4 Screening for biosurfactant producing microorganisms
Four different media were used to screen the isolated diesel degrading microorganisms 
for their ability to produce surface active agents.
* Bushnell Hass broth containing 5% diesel as the sole carbon source (see section 3.2.1);
* Minimal medium consisting of per litre: NH4CI (0.5g), MgS04.7H20 (0.5g), NaCl 
(0.4g), 0.5ml o f KH2PO4 solution and 0.5ml o f Na2HP04.H20 solution. Each o f the last 
2 solutions contained lOg of the chemical per 100ml o f H2O and were prepared 
separately, autoclaved, and added to the medium at the end, along with 5% diesel which 
had been cold sterilized.
* Proteose-peptone-glucose-ammonium salts medium (PPGAS), consisting o f per litre; 
NH4CI (1.07g). KC1 (1.50g), Tris-HCl (18.9g), Glucose (5.0g), proteose peptone 
(lO.Og), MgS04 (0.39g), pH adjusted to 7.2 with NaOH.
* Basal fermentation medium containing per litre; Glucose (30g), yeast extract (5g), 
K2H P 04 (lg ) and M gS04.7H20  (0.5g).
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The inoculum used in all cases was a 24 h culture o f each microorganism under test, 
after growth on nutrient agar. A loopfiii o f culture was used to inoculate 200ml o f sterile 
medium in 500ml Erlenmeyer flasks. The flasks were incubated at room temperature on 
an orbital shaker at 180rpm. Every 24 hours, 20ml was removed and analysed for 
biosurfactant production. This was carried out by measuring the surface tension of the 
culture broth (see Section 3.6.3). Only the strains with the highest surface tension 
reduction were selected for further investigations.
3.5 Biosurfactant production
3.5.1 Biosurfactant production on glucose
Production of surfactant by the two bacteria selected from the screening procedure and 
by a known producer Pseudomonas aeruginosa NCIMB 8626 (obtained from the 
National Collection o f  Industrial and Marine Bacteria, UK) was carried out according to 
a procedure by Zhang and Miller (1992). The inoculum was prepared from a 24 h 
culture o f the test bacterium grown at 37°C in flask culture at 200 rpm in Kay’s minimal 
medium (25ml), composed o f per litre; NH4H2PO4 (3.0g), K2HPO4 (2.0g), Glucose 
(2.0g), FeS04 (0.5 mg o f Fe per liter), MgS04 (l.Og), in Erlenmeyer flask. Two ml o f 
this was used to inoculate 200 ml o f phosphate-limited proteose peptone-glucose- 
ammonium salts (PPGAS) medium in a 1 L Erlenmeyer flask. The composition o f this 
medium is described in section 3.4.4. These cultures were incubated at 37°C, shaken at 
180rpm and the production o f biosurfactants was monitored at regular intervals (every 2 
hours) by sub-sampling the culture broth and measuring the surface tension.
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3.5.2 Biosurfactant production on DMSBP
The three biosurfactant producing bacteria were investigated for their ability to produce 
biosurfactants when grown on DMSBP as the sole carbon source. For this, the glucose in 
the PPGAS medium was substituted with 5g of DMSBP. The incubation and sampling 
conditions were the same as those outlined in section 3.5.1.
3.6 Recovery and characterisation of biosurfactants
3.6.1 Partial purification o f  biosurfactants
Partially purification of the biosurfactants was carried out according to a protocol by 
Zhang and Miller (1992). The culture broth was centrifuged at 10,000 x g  for 10 minutes 
in order to remove cells. The pH of the culture supernatant was lowered to <2 using 5M 
HC1, at which point the biosurfactant precipitated, observed by the presence o f a turbid 
suspension. The surface-active compounds were then separated by liquid-liquid 
extraction with a mixed solvent, chloroform:ethanol (2:1). An equal amount o f the 
solvent was added to the acidified supernatant in a separation funnel and the contents 
shaken well. The solution was allowed to settle for ten minutes and the organic layer 
removed. This extraction procedure was carried out a further two times. The different 
portions o f solvent were then pooled together and the organic solvent evaporated off 
using a rotary evaporator, operating at 50°C. The yellowish oily residue (partially 
purified biosurfactant) was dissolved in 20mM phosphate buffer (pH 7.0) (Appendix 1) 
and used for further characterization.
3.6.2 Qualitative analysis o f  biosurf actants
Rhamnolipids produced by the different bacteria were separated by thin layer 
chromatography (TLC) on silica gel plates (Banat et a l, 1991). The plates used were
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Whatman K5F silica gel 150A plates (50mm x 200mm). Approximately lOO i^L of 
sample (either culture supernatant or partially purified bio surfactant) was applied to the 
glass plates with a 25-\iL glass capillary tube. The components were separated using a 
chloroform:methanol:acetic acid solvent system (65:15:2 v/v/v) in a fume hood operated 
at room temperature. The rhamnolipid components were developed by spraying the 
plates with an anthrone solution (2% anthrone in concentrated sulphuric acid), and then 
baking them in an oven at 110°C for 10 minutes. The rhamnolipids appeared as blue 
spots at first (when hot) and then turned brown on cooling. The different rhamnolipids 
were identified according to their retardation factor or relative mobility (Rf). The Rf 
value is the distance moved by the solute/spot (measured to center o f the spot) in 
comparison to the solvent front.
3.6.3 Surface and interfacial tension
The surface tension and interfacial tension (against hexane) o f the cell free culture broth 
(cells removed by centrifuging for 10 minutes at 10,000 .x  g), partially purified 
biosurfactant and synthetic surfactant solutions, were determined according to the Du 
Nuoy ring method using a torsion balance. A volume o f the solution to be measured, 
(10-20ml) was placed in a clean glass beaker and the platinum ring placed in the 
solution. The force required to pull the ring through the surface o f the liquid (or through 
one liquid to another in the case o f interfacial tension) was measured using the above 
apparatus and was reported in milli-newtons per meter (mN/m). The samples were tested 
in increasing concentrations and the ring was rinsed with deionised water between 
samples. The ring was cleaned in acidic solution between measurements o f different 
surfactants or measurements o f a high concentration sample followed by a low 
concentration sample. A series o f consistent readings were averaged to yield the surface 
tension value for each sample. The critical micelle concentration (CMC) o f the solution 
is defined as the concentration o f surfactant beyond which no further reduction in 
surface tension is observed, and was measured by plotting a graph o f the surface tension 
of the solution versus the log o f surfactant concentration (Bregnard et a l., 1998), The
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critical micelle dilution, a parameter used as an indirect measurement o f surfactant 
concentration, is the dilution beyond which no further reduction in surface tension is 
observed (Abu-Ruwaida et al., 1991).
3.6.4 Soil washing with surfactants
The effectiveness o f different surfactants on the removal o f sorbed diesel contaminants 
was carried out as follows. Air dried sandy soil was contaminated with diesel (5%). Ten 
grams of the contaminated soil was placed in a screw-top centrifuge tube. Twenty ml o f 
surfactant solutions at various concentrations (0.01 to 5 times their CMC) was added to 
the tube. The tubes were then placed in an orbital shaker for 10 minutes at 200rpm. After 
treatment the tubes were centrifuged for ten minutes at 10,000 x g in order to remove 
any particles. The supernatant was then transferred to a separatory funnel and the diesel 
extracted according to section 3.10.2.
3.6.5 Surfactant toxicity
The toxicity o f the different surfactants used in the soil remediation experiments was 
investigated. A sample o f the sandy soil used throughout this study was utilized as a 
source of indigenous soil microorganisms. Each surfactant was added to 200ml o f 
nutrient broth in 500ml flasks, to give final concentrations o f five times their CMC, i.e. 
the highest concentration employed in the soil remediation experiments. Two grams of 
sandy soil was added into each flask. The flasks were incubated at room temperature on 
an orbital shaker at 180rpm. The growth rates in each flask were monitored by 
measuring the optical density o f the culture broths, at 600nm, at regular time intervals. 
The effects o f the surfactants were compared to a control which had nutrient broth 
inoculated with the soil and had no surfactants present.
75
3.6.6 Measurement o f surfactants in soil
The measurement o f surfactants present in soil samples was carried out by extracting the 
soil with water followed by surface tension measurement o f the aqueous phase. 
Approximately lOg (to 4 decimal places) o f soil to be analysed was placed in a screw- 
top centrifuge tube and 10ml o f distilled water added. Tubes were mixed well and placed 
in an ultrasonic bath for 15min. The tubes were then centrifuged for lOmin at 10,000 x 
g. The aqueous phase was carefully removed using a pipette and the surface tension 
measured using the method in Section 3.6.3.
3.7 Soil microcosm setup
Two types of microcosms were used in the soil bioremediation experiments. The first 
type of microcosm was used for static and forced aerated trials. This microcosm 
consisted of a PVC pot with a capacity o f 3 kg. Actual amount o f added contaminated 
soil was about 2 kg. The bottom o f the pot was layered with glass wool in order to retain 
the sample. The top o f each pot was covered with tinfoil in order to minimize 
evaporation (Figure 3.1 A). The forced aeration experiments took place in a microcosm 
similar to the static system except that an air-stone diffuser (150mm x 10mm x 10mm) 
was placed 10 mm from the bottom (Figure 3 .IB), and was connected to an aeration 
pump (Model B100 SE).
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Figure 3.1. A schcmatic of the experimental microcosms used for (A) static and (b) forced 
aeration soil bioremediation experiments
The second type o f microcosm attempted to imitate a pilot scale cylindrical composting 
reactor (Figure 3.2). This type o f reactor consisted of a PVC tube 25cm in diameter and 
40cm in length and had a capacity o f approximately 8 kg In this microcosm the actual 
weight o f added contaminated soil was about 3 kg Both ends o f the reactor were 
covered with PVC caps which were removable for extracting sample. Each reactor 
contained two openings ~2cm in diameter to allow for movement o f air and addition of 
amendments These openings were plugged with rubber bungs when mixing took place 
Samples were mixed manually which involved rotation o f the reactors 10 to 15 times in 
both a vertical and horizontal motion.
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Figure 3.2. A schematic o f  the pilot scale compost reactor used in the manually aerated
experiments.
3.8 Experimental conditions Tor soil bioremediation
3.8.1 General conditions
In this research the sandy soil was artificially contaminated with fresh diesel. The diesel 
was spiked at 5% v/w on a dry weight basis. In order to maximize distribution o f  diesel, 
an appropriate amount o f diesel was spiked to every 200 -  300 g o f dry sample. The 
diesel was distributed at five points on the surface o f the sample and then mixed 
thoroughly to give a well homogenized sample.
Moisture content o f the samples was adjusted to approximately 60-70% o f their moisture 
holding capacity. This was based on numerous reports in the literature suggesting that 
biodégradation o f  simple or complex organic material in soil is commonly greatest 
between 50-70% o f  the soil moisture holding capacity (for example, Pramer and Bartha, 
1972; and Riser-Roberts, 1998). Moisture content was controlled using either tap water
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or, in the case o f biosurfactant amended soils, with biosurfactant solution. Weekly 
appropriate volumes were added in order to maintain moisture levels. Throughout this 
study all treatments were carried out in duplicate and microcosms were incubated at 
room temperature.
3. 8. 2 Abiotic losses
Three different methods o f aeration were examined for their effect on the abiotic 
removal o f diesel from the sandy soil. They were; (1) static aeration, which involved the 
natural diffusion of air from the atmosphere through the soil surface; (2) manual 
aeration, whereby the sample was manually turned on a regular basis in order to 
distribute oxygen through out the sample; (3) forced aeration, where a pump delivered 
air at a rate equivalent to approximately 120 L 0 2/kg soil/hour. In all three cases, the soil 
samples were sterilized by treating with 0.15% HgCh (Walworth and Reynolds, 1995)
3.8.3 Inorganic nutrient amended experiments
Inorganic nutrients in the form o f NH4NO3 and KH2P 0 4 were added to the samples on 
day zero to adjust the C:N:P of the contaminated soil to approximately 1000:10:1.5. Ten 
ml o f a stock nutrient solution containing 78g/L NH4NO3 and 18g/kg KH2PO4 was 
added per kg o f soil. Biweekly, similar amounts o f nutrients were added to ensure that 
nutrients did not become limiting.
3.8.4 Biosurfactant amended experiments
Biosurfactants produced by Pseudomonas aeruginosa NCIMB 8626 and a culture 
isolated in the laboratory known as Isolate A were investigated for their effects on the 
biodégradation o f diesel contaminated soil. Stock biosurfactant solutions were obtained
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by culturing each microorganism in PPG AS. After 80 hours o f growth the culture broth 
was centrifuged at 8,000 x g  for 10 minutes in order to remove cells. These culture 
broths contained biosurfactants at concentrations equivalent to approximately 15 times 
their CMC and were used as stock solution for amending soils.
The effect o f biosurfactant on diesel biodégradation was investigated in two stages. The 
first stage investigated whether a single application o f  biosurfactant solution on its own 
would enhance diesel biodégradation, while the second stage investigated whether 
multiple additions o f biosurfactant plus inorganic nutrients would enhance diesel 
biodégradation. Various volumes o f the stock biosurfactant solutions were added to 
achieve different final concentrations See Table 3.5. The biosurfactant solutions were 
added slowly at various points and mixed vigorously to ensure uniform distribution. 
Controls without biosurfactants were run concurrently in order to compare results.
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Tablé 3.5. Biosurfactant concentrations used.
Biosurfactant type Final concentration 
per kg soil (x CMC)
Volume of culture broth 
required (ml/kg dry sample)
NCIMB 8626 biosurfactant 3.0 200
1.0 67
0.1 6.7
Isolate A biosurfactant 3.0 200
1.0 67
0.1 6.7
3.8.5 Organic matter amended experiments
The two organic materials used in this study to amend diesel contaminated soil were 
DMSBP and SBG. Both organics were added to give a final concentration o f  5% on a 
dry weight basis, and in all cases, inorganic nutrients were added as in Section 3.8.2. In 
order to maximize distribution, the organics were added to the dry soil prior to the 
addition o f diesel and were mixed thoroughly using the cone-and-quarter method. 
Nutrient and moisture content were adjusted biweekly. A control with only inorganic
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nutrient amendment was used to compare the effectiveness o f each amendment. The 
effect o f both manual and forced aeration was examined.
The effect SBG had on the anaerobic degradation of diesel was also examined. Samples 
were prepared as above, except the microcosms were placed in anaerobic jars for the 
duration of the experiment. Anaerobic conditions were achieved using Oxoid Anaerogen 
sachets. An OXOID anaerobic indicator was used as a visual check that anaerobic 
conditions had been achieved.
In order to investigate the consequence o f  adding the water extractable material from 
SBG on the biodégradation o f diesel contaminated soil, the SBG was soaked in boiling 
water for 6 hours, to remove extractable material. The solids were then removed by 
filtering the solution through a Whatman No. 41 filter. The extracted material was added 
to the contaminated soil at a concentration equivalent to 5% SBG. Samples were also 
supplemented with inorganic nutrients
3. & 6 Respirometer experimental conditions
Soil microorganism respiration was studied using the BI-2000 electrolytic respirometer 
(Bioscience, Inc., USA). This instrument gives direct measurement o f oxygen uptake in 
mg/L by absorbing the CO2 produced during respiration in 45% KOH solution contained 
in a central well o f each reactor bottle.
Known amounts o f sample (100-500g, weighed to 4 decimal places) amended with all 
the necessary treatments were placed in reactor bottles. Ten ml o f the 45% KOH was 
placed in the internal trap and the reactor vessel was then assembled according to the 
manufacturer. The amount o f O2 consumed in each reactor vessel was recorded at 
regular intervals (0.01 to 6 hours) using the BI-2000 software package.
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3.9 Sampling and analytical methods
3.9.1 Sampling
In order to minimize sampling error, duplicate samples were taken from two locations 
within each microcosm using a sterile corer (100mm x 12mm diameter). The two sub­
samples were then integrated to one sample by mixing. The combined sample was then 
analysed for moisture content, total mesophilic bacteria count and residual hydrocarbon 
content. The moisture content was measured at each sampling point and used to convert 
analytical data from wet weight basis to dry weight basis. This measurement was also 
used to calculate the amount o f water required in order to maintain the require moisture 
level (i.e. 60-70%) moisture holding capacity. After each sampling, the moisture level 
and nutrient content of the soils were re-adjusted.
J. 9.2 Moisture Holding Capacity
The moisture holding capacity (MHC) of the soil was determined by placing a known 
amount o f air-dried soil (approximately lOOg) in a plastic column, with one end sealed 
with a wire mesh and glass wool, in order to retain the sample. The column was then 
allowed to stand in water for up to five hours until it was saturated with water through 
capillary flow. Excess water droplets were then removed and the increase in weight was 
used to calculate the MHC.
increase in weight (through wetting)
Moisture holding capacity = --------------------  — --------—---------- ^-xlOO
dry weight o f sample
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3.9,3 Moisture content analysis
The moisture content was measured by the direct gravimetric loss in weight through
oven drying. In brief, a known amount o f sample (5 to 50g recorded to four decimal
places) was placed in a conditioned crucible (conditioned at 101°C for 24 hours and 
allowed to cooled in a desiccator) and placed in a drying oven at 101°C for 24 hours. 
The sample was then removed and placed in a desiccator until cool. The sample was 
then reweighed and the percentage moisture content was calculated as follows;
% Mo/store comem  = » £# »  ~ <* < * ■ xlOO
weight o f  wet sample
3.9,4 Total mesophilic bacteria counts
Total mesophilic bacteria count in solid-phase samples was carried out by the standard 
pour plate method. Results were converted to dry-weight o f sample. Therefore, 
immediately after weighing the sample for microbial analysis, a separate portion o f 
sample was analysed for moisture content according to the method in Section 3.9.3. A 
known amount o f wet sample (approximately lOg weighed to four decimal places) was 
transferred to 90ml sterile Ringers, which was then mechanically shaken for 1 hour 
before serial dilutions was carried out in 9ml aliquots o f Ringers. One ml o f each serial 
dilution was plated in triplicate with Nutrient agar. The plates were incubated at 22°C for 
72 hours and colony forming units (CFU) were counted and total mesophilic bacteria 
counts were calculated and results reported as CFU/g dry soil at 22°C for 72hours.
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3.10 Diesel analysis
All glassware used in diesel analysis including, extraction flasks, round bottomed flasks, 
measuring vessels and volumetric flasks were washed with detergent, rinsed with tap 
water, then solvent rinsed with n-hexane and dried in an oven at 100°C. Glassware was 
then cooled to room temperature and in the case o f the round bottomed flasks were 
cooled and stored in a desiccator until further use. Diesel analysis for solid-phase 
materials was carried out by solvent extraction with n-hexane followed by either 
gravimetric analysis reported as total hexane extractable material, (THEM) and/or gas 
chromatography analysis, diesel range organics (DRO), total w-alkanes, pristane and 
unresolved complex mixture (UCM)) with results being reported per g dry soil
Diesel Range Organics (DRO) is all chromatographic peaks, both resolved and 
unresolved, eluting between the peak start o f w-nonane («-C9) and the peak end of n- 
pentacosane (n-C25), using forced baseline-baseline integration. Total w-alkanes is the 
sum of all the straight chain alkanes between n-C9 to n-C25 Pristane is the isopemoid 
which elutes out immediately after n-Cn, whilst the UCM is the unresolvable fraction 
eluting within the same range as DRO.
3.10.1. Diesel extraction fro m  soil
Diesel extraction was carried out using solvent extraction with »-hexane as the solvent 
and an ultrasonic extraction procedure adapted from EPA method 3550b (USEPA, 
1996b). A weighed sample o f soil (5-10g, weighed to four decimal places) was 
transferred to a 100ml Erlenmeyer flask for extraction. MgS04 (dried overnight at 
102°C) was added to the sample in order to remove water (Approximately 3g o f M gS04 
was added to every lOg soil). The contents were mixed with a spatula to form a free- 
flowing powder. At this stage the surrogate standard was added (1ml naphthalene stock 
standard to give a final concentration o f  0.05% w/v) along with 20ml o f  //-hexane, the
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contents o f the flask were mixed, placed in an Ultrasonic water bath and extracted for 10 
minutes. The extract was decanted and filtered through Whatmann No.41 filter paper (or 
equivalent), into a pre-weighed round bottom flask. The extraction procedure was 
repeated twice with 20ml portions o f «-hexane. The extracts were combined together in 
one flask, which was then stored at 4°C until ready for solvent evaporation. Sample 
blanks were carried out by extracting clean soil (sandy soil prior to contamination with 
the diesel) according to the above procedure.
3A  0.2 Diesel extraction from  aqueous solution
Diesel extraction from aqueous solutions was carried out using solvent extraction in a 
separating funnel. A known volume of sample was placed in a separating funnel and 
acidified to pH <2 using 1M HCL. Serial extraction was carried out three times with n- 
hexane. The extracts were combined and were passed through a Whatman No. 41 filter 
containing dried MgSC>4 in order to remove water. The filtered extract was collected in a 
round bottomed flask and stored at 4°C until ready for solvent evaporation. Sample 
blanks were carried out by extracting distilled water according to the above procedure.
3A  0 3  Solvent evaporation
Solvent evaporation was carried out in a round bottomed flask connected to a rotary 
evaporator and the solvent evaporated off by immersing the lower half o f the flask in a 
water bath operating at 50°C. When the flask appeared almost dry, it was removed from 
the rotary evaporator and was swept out with air for 15-20 seconds to remove solvent 
vapor. This was carried out by inserting a glass tube connected to a vacuum source. The 
outside o f the flask was wiped dry and placed in a desiccator and allowed to cool to 
room temperature. The extract was then ready for further analysis.
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3.10.4 Gravimetrìe analysis o f diesel
The flasks containing extract were removed with a tongs and re-weighted on a balance 
to four decimal places. The weight o f diesel was determined by subtracting the tare 
weight o f the flask from the total weight o f the flask. I f  surrogate standard had been 
added prior to extraction then its weight was subtracted at this stage. These results were 
reported as THEM mg/kg dry weight.
3.10.5 Gas Chrom atography analysis
3.10.5.1 GC conditions
The Gas Chromatograph used in this study was a Shimadzu GC-17A, fitted with a CP- 
Sil 8 CB column 30m length x 0.25mm internal diameter x l[im film thickness, and 
equipped with a flame ionization detector. The instrument was connected to a Shimadzu 
Class VP chromatograph data system. The operating conditions used are presented in 
Table 3.6. The initial temperature started at 60°C and increased at 10°C/minute to 300°C, 
and maintained at that temperature for 15 minutes. The injection port and detector 
temperature were set at 300°C each. The pressure was automatically programmed using 
the Shimadzu Class VP system. The pressure o f hydrogen gas and air for the flame 
ionization detector was 60 and 50 kPa, respectively, and nitrogen carrier gas was 
delivered at a rate o f 1.3ml/minute. A lfiL sample was manually injected into a split 
injector operating at a split ratio o f 15:1.
A typical chromatogram o f diesel generated from the GC-FID according to the 
conditions mentioned above is presented in Figure 3.3.
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3AO. 5.2 GC sample preparation
Hydrocarbon extracts recovered from soil were re-dissolved in approximately 3 ml o f n - 
hexane and transferred to a 10ml volumetric flask. The sample container was rinsed a 
further two times with 1-2 ml o f  «-hexane and the solvent mixture transferred to the 
volumetric flask. One ml o f both internal standards, 1-phenylhexane and 1- 
phenyltridecane, was added to give final concentrations o f 0.05% and 0.1% v/v, 
respectively. Volume was made up to the mark with n-hexane and stored at 4°C until 
analysis was carried out.
Table 3.6. Operation conditions for the gas chromatography analysis.
Temperature Initial temperature 60°C
Initial time 0 minutes
Ramp rate 10°C/minute
Final temperature 300°C
Final time 15 minutes
Injection port temperature 300°C
Detector temperature 300°C
Detector Flame ionization
Gas Hydrogen gas 
Air
Nitrogen (carrier gas)
Column flow 1.3ml/minute
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3.10.5.3 Calibration and standard stock solutions
Unless noted, all GC standards and stock solutions were prepared in «-hexane and were 
stored at 4°C for no longer than one month.
3.10.5.4 Diesel Standard Stock Solution
A 10% (v/v) diesel standard was prepared by accurately transferring 10ml o f fresh diesel 
sample to a 100ml volumetric flask and diluting to volume with //-hexane. Typical 
working concentration ranged from 0.1% to 5% v/v.
3.10.5.5 Surrogate Standard Stock Solution
Surrogate standards were used to monitor the performance o f the analytical system and 
the effectiveness o f the extraction method. The surrogate used through out this study 
was naphthalene. A 0.5% (w/v) naphthalene stock solution was prepared by accurately 
weighing out 500mg of naphthalene and diluting to volume with «-hexane in a 100ml 
volumetric flask.
3.10.5.6 Internal Standard Stock Solution
A 0.5% (v/v) stock solution o f the first internal standard, 1-phenylhexane, was prepared 
by accurately transferring 1ml of 1-phenylhexane and diluting to volume with «-hexane 
in a 200ml volumetric flask. A 1% (v/v) stock solution o f a second internal standard, 1- 
phenyltridecane, was prepared by transferring 1ml o f 1-phenyltridecane to a 100ml 
volumetric flask and diluting to the mark with «-hexane.
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3.10.6 Target compound identification
Straight chain alkanes contained in the complex diesel mixture were identified according 
to their retention times. A 1% standard o f several straight chain alkanes, n-C9 to «-C25 
was prepared in «-hexane and injected 5 times in order to determine average retention 
times. Using the operating conditions listed in Section 3.10.5.2, a 1% diesel standard 
was injected and by comparing the retention times, straight chain alkanes within the 
diesel were identified (see Figure 3.3). Diesel standard o f 1% was injected 10 times to 
evaluate the variation in GC output. The variations in peak area ratios relative to the 
internal standard 1-phenylhexane are shown in Table 3.7.
Table 3.7. Variation in GC output for selected compounds in a 1% diesel standard.
Target compound Average peak area ratio 
to internal standard 
1-phenylhexane
Standard 
deviation 
(10 replicates)
Relative 
standard 
deviation (% )
DRO 13.00 1.28 9.91
n-nonane (C9) 0.025 0.0020 8.03
n-decane (CIO) 0.0572 0.0034 6.04
n-undecane (Cl 1) 0.0921 0.0013 1.40
n-dodecane (Cl 2) 0.0577 0.0025 4.37
n-tridecane (Cl 3) 0.1722 0.0049 2.87
n-tetradecane (Cl 4) 0.1278 0.0050 3.95
n-pentadecane (Cl 5) 0.1262 0.0093 7.39
n-hexadecane (Cl 6) 0.1874 0.0120 6.42
n-heptadecane (C l7) 0.1387 0.0117 8.40
Pristane 0.1030 0.0072 6.98
n-octadecane (C l8) 0.1381 0.0103 7.49
Phytane 0.0796 0.0068 8.52
n-nonadecane (C l9) 0.1646 0.0144 8.76
n-eicosane (C20) 0.1086 0.0099 9.19
n-heneicocane (C21) 0.0699 0.0042 6.02
n-docosane (C22) 0.0525 0.0053 10.05
n-tricosane (C23) 0.0351 0.0035 9.97
n-tetracosane (C24) 0.0216 0.0017 8.00
n-pentacosane (C25) 0.0103 0.0005 4.95
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Figure 3.3. Typical gas chromatographic fingerprint of fresh diesel, analysed under conditions listed in Section
3.10.5.2. Peaks labeled 1 to 19, excluding 10 and 12, are the straight chain alkanes. Peak 10 and 12 represent 
pristane and phytane, respectively.
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3.10.7 GC Calibration
3.10. 7A  Initial calibration
Using «-hexane, five diesel calibration standards ranging from 0.1% to 5% were 
made up in 10ml volumetric flasks each containing the surrogate standard 
(naphthalene 0.05% w/v final concentration) and the two internal standards (1- 
phenylhexane 0.05% v/v and l-phenyltridecane 0.1% v/v final concentration). Each 
standard was injected into the GC under the same conditions, i.e. injection volume 
and technique, to be used during sample analysis and analysed in triplicate.
The peak area o f the target compounds, DRO, total «-alkanes («-C9 to «-C25), the 
isopemoid (pristane) and the UCM, were measured relative to that o f the internal 
standard 1-phenylhexane. Ratios o f the peak areas were tabulated and standard curves 
plotted o f peak area ratios against concentrations. Peak area o f total n-alkanes and 
pristane were calculated by valley to valley integration. Horizontal baseline 
projection from n-C9 to «-C25 was used to calculate the DRO, while UCM was 
calculated by subtracting the total resolvable peak area, from n-C9 to «-C25 using 
valley to valley integration, from the DRO peak area.
3 A  0. 7.2 Calibration verification
Verification of the working calibration curve was carried out by the analysis o f a mid­
point calibration standard, usually 1%, at the beginning o f each working day and at 
the end of each batch o f 20 samples. If the relative percentage difference was greater 
than ± 25%, the instrument was recalibration and samples o f that batch re-analysed.
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3.10.8 Sample analysis
Samples were analysed using the same operating conditions as the standards, and the 
ratio o f peak area o f the target compounds and the surrogate standard (naphthalene), 
to the internal standard (1-phenylhexane) were calculated. The concentrations o f the 
target compounds were extrapolated from the standard curve and final concentrations 
calculated using the formulae presented in Section 3.10.9.
I f  the percent recovery o f the surrogate standard was less than ± 75% (Formula 3.4), 
the samples were re-extracted and anlaysed. If the percentage recovery was within the 
accepted range, then the calculated concentration was corrected to give 100 % 
recovery.
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3.10.9 GC Calculations
Formula 3.1. Diesel range organics in solid matrix.
where Cs= Concentration o f DRO in sample mg/Kg 
Cc= Concentration o f DRO in extract jiL/L 
Ws=Weight o f sample Kg 
0.8314= density o f diesel at 18°C.
Formula 3.2. Relative response factor.
Peak area o f  t arget compound 
Peak area o f  int ernal s tm d a rd
Formula 3.4. Percent recovery.
Where %R~ percent recovery.
SSr = Measured value (peak ratio o f surrogate standard to internal standard in 
sample).
Sr = True Value (average peak ratio o f surrogate standard to internal standard 
in standards).
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3.11 Statistical analysis
3.11.1 Paired T-test
The t-test is commonly used to evaluate whether the difference in means between two 
sets of data is greater than what can be attributed to random sampling variation. The 
t-test is used when variables are normally distributed. In this study when two 
treatments were being compared for differences the paired t-test was used. The 
paired t-test examines the changes that occur before and after a single experimental 
intervention to determine whether or not the treatment had a significant affect. 
Differences were regarded as being significant if P < 0.05.
3.11.2 Analysis o f  Variance (ANOVA)
For comparison of more than two groups of data ANOVA was used. One way 
ANOVA was followed by Turkeys comparison o f means test to compare treatments. 
ANOVAs were performed on the data at the 5% (P=0.05) significance level using 
Sigma Stat version 2.03 for windows (SPSS Inc., USA)
3.11.3 Degradation Rates
In this study the degradation rates, both zero and first order degradation rates, were 
calculated using Sigma Plot version 2001 (SPSS Inc., USA).
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4. Results and Discussion
4.1 Biosurfactant production
The first objective o f this study was to isolate a microorganism native to the Irish 
environment that was capable o f biosurfactant production, and to produce, recover and 
characterize the biosurfactant. These results are presented and discussed below.
4. L I  Isolation o f  biosurf actant producing microorganism
As it has been well documented that biosurfactants are predominantly synthesized by 
hydrocarbon degrading microorganisms (Rapp et a l , 1979; Kappeli and Finnerty, 1980; 
Roberts et a l , 1989 and Banat et a l, 1991; and Banat, 1995), the initial stage in 
obtaining a biosurfactant producing microorganism involved the isolation o f  
hydrocarbon utilizing microorganisms.
Standard enrichment isolation technique was used for the isolation o f diesel degraders. 
Bushnell-Hass medium supplemented with diesel (5%) as the sole carbon source was the 
enrichment medium. In all, 22 microorganisms with the ability to utilize diesel as the 
carbon source were isolated from samples derived from, domestic sewage treatment 
plants, river and marine water samples, and soil samples, some of which had a history o f 
exposure to petroleum spillage. Characteristics o f  the different isolates are presented in 
Table 4.1 and it can be seen that o f the 22 purified cultures, 13 were Gram negative (-ve) 
rods, five were Gram positive (+ve) rods and four were yeasts.
Identification o f the purified cultures using the BIOLOG identification system showed 
the most commonly isolated diesel degraders were members o f the genus Pseudomonas, 
followed by Enterobacter sp., Alcaligenes sp. and Acinetobacter sp. (see Table 4.1). Ail 
the isolated microorganisms are recognized as hydrocarbon degraders (Watkinson and 
Morgan, 1990).
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Table 4.1. Characteristics of isolated diesel degrading microorganisms.
Strain Gram
stain
Cell
shape
Cell
hydrophobicity
Growth in 
Bushnell-Hass 
+ 1%  Diesel
Identification Origin
Isolate A - Rods 40.2 + + + Pseudomonas
aeruginosa
Soil
Isolate B - Rods 16.8 + Enterobacter sp. Soil8'
Isolate C - Rods NT ++ AlcaUgenes 
denitrificans
Soilb)
Isolate D - Rods NT +++ Pseudomonas
fluorescens
SoilbJ
Isolate E - Rods NT -H- Pseudomonas
citronellolis
Soil“'
Isolate F - Rods NT + Acinetobacter
johnsonii
Sea water
Isolate G - Rods NT + Enterobacter
asburiae
Soil"'
Isolate GO - Rods <1 + + Pseudomonas
aeruginosa
River water
Isolate H yeast 98.89 + + Yarrowia
lipolytica
Domestic
sewage
Isolate I - Rods NT +++ Pseudomonas
nitroreducens
Domestic
sewage
Isolate J + Rods 13.69 ~~1 +++ No I D. Soil
Isolate K + Rods NT +++ Rhodococcus
sp.
Soilb>
Isolate L yeast 90.17 ++ Cryptococcus
luteolus
Domestic
sewage
Isolate M - Rods NT + Acinetobacter 
genospecies 15
Domestic
sewage
Isolate N - Rods NT +  - Pseudomonas
fluorescens
Domestic
sewage
Isolate O + Rods 21.39 + + + Clavibacter sp. Soil
Isolate P - Rods 78.79 + Alcaligenes
xylosoxydans
Sediment
Isolate Q + Rods 39.27 + Curtobacterium
citreum
Sediment
Isolate R yeast NT + + Saccharomycod 
es ludwigii
Soila;
Isolate S - Rods 9.84 + No I.D. s o i r
Isolate
Tetra
+ Rods + + + Rhodococcus
sp.
Domestic
sewage
Isolate U yeast 99.46 ++ Cryptococcus
luteolus
Domestic
sewage
NT = Not tested.
!l) -  Soil with no previous histoty of hydrocarbon contamination. 
b) = Soil previously exposed to petroleum contamination.
Visual observations; + = poor growth, ++ = average growth, +++ = Excellent growth.
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Having isolated microorganisms with the ability to grow on diesel as a sole carbon 
source, the isolates were screened for their ability to synthesise biosurfactants. Properties 
o f the isolates were compared to those o f a known biosurfactant producer, Pseudomonas 
aeruginosa NCIMB 8626 (Zhang and Miller, 1992). Four different media, which had 
been reported in the literature to facilitate biosurfactant production by different 
microorganisms, were used to screen for biosurfactant production. Two of the media 
used contained water insoluble carbon compounds (i.e. Diesel), while the other two used 
a water-soluble compound (i.e. Glucose) (Table 4.2). Biosurfactant production was 
followed by measuring surface tension. The initial surface tension of the different media 
varied from 61 to 71mN/m, and good biosurfactant producers were considered to be 
those that decreased the surface tension o f the medium to <40 mN/m.
Table 4.2. Media used to screen for biosurfactant producing microorganisms.
Media Name of Medium
(refer to  Section 3.4.4 
for composition)
Carbon
source
Surface
tension
(mN/m)
Reference
1 Bushnell-Hass Diesel 70 Patel and Desai, 1997.
2 Minimal salts media Diesel 71 Sim et ai, 1997; Van 
Dyke et al, 1993.
3 Proteose Peptone Glucose 
Ammonium salts
Glucose 70 Zhang and Miller, 1992
4 Basal fermentation 
medium
Glucose 61 Shaikh et al, 1997.
After five days o f incubation, only three o f the twenty three microorganisms (including 
Pseudomonas aeruginosa NCIMB 8626) tested showed satisfactory production of 
surface active compounds when cultivated on any of the selected media (see Table 4.3). 
Isolate A, Isolate GO and the known producer Pseudomonas aeruginosa NCIMB 8626 
lowered the surface tension of PPGAS to 29, 30 and 30mN/m, respectively. Based on 
this data, these three bacteria were selected for further investigations. Isolate A and GO 
were identified, using the BIOLOG identification system as strains o f Pseudomonas
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aeruginosa. For the purpose o f this study these two cultures are referred to as Isolate A 
and Isolate GO.
Table 4.3. Cell growth of the isolated microorganisms grown in different culture media, and 
their effect on culture broth surface tension. ____   '__________________________
Cell Growth Surface tension (mN/m)
Culture LD. BH MS PPGAS BF BH MS PPGAS BF
Isolate A + + + + + + + + + + + 56 49 29* 48
Isolate B + + + + + 68 65 58 60
Isolate C + + + + + + + + 59 62 59 49
Isolate D + + +  ' + + + + + + + + 48 56 56 62
Isolate E + + + + + + + + + 69 68 58 56
Isolate F + + + + + ; + + 56 68 58 60
Isolate G + + + + -H-+ 70 68 60 59
Isolate GO + + + + + + + + + + 48 53 30* 54
Isolate H _H_ + + + -H- 65 68 60 53
Isolate I + + + + + + + + + + + + 52 53 49 56
Isolate J +-H- -H- + + + 56 65 49 47
Isolate K + + + + + + + + + + 65 68 58 54
Isolate L + + + + + + + + 70 70 60 58
Isolate M + + + + + + + 71 70 65 64
Isolate N + + + + + 68 65 60 61
Isolate O + + + + + + + + + + 58 54 60 57
Isolate P + + + + + + 65 64 60 58
Isolate Q + + + + + + + + + 70 68 56 56
Isolate R + + + + + + + + 64 58 57 54
Isolate S + + + + + + + 69 68 57 53
Isolate Tetra + + + + + -H~h 58 64 60 60
Isolate U -H- + + + + + 70 65 61 54
Pseudomonas aeruginosa 
NCIMB 8626
+ + + + + + + + + +++ 46 70 30* 53
* Microorganisms considered good biosurfactant producers.
BH=Bushnell-Hass medium. MS= Minimal salts medium. PPGAS= Proteose peptone glucose ammonium 
salys medium. BF= Basal fermentation medium
Visual observations; + = poor growth, ++ = average growth, +++ = Excellent growth.
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4.L2 Production and recovery o f  biosurfactants
The three cultures with the most promising potential for production o f surface active 
compounds were identified as being strains o f Pseudomonas aeruginosa. Most 
promising production was achieved using PPGAS medium. PPGAS is a phosphate- 
limited medium and was chosen as numerous reports showed that it facilitated the 
production of biosurfactants by different strains o f Pseudomonas (Mulligan and Gibbs, 
1989a; Zhang and Miller, 1992; and Wild e ta l ., 1997).
The time course for one of the cultures, Isolate GO, grown in PPGAS with 5 g/L glucose 
is shown in Figure 4.1. It can be seen that after an initial lag phase o f three hours 
expontional growth commenced, where the optical density increased from 0.002 to 
1.546 after 15 hours and reached a stationary phase by 20 hours. Nitrate was utilized 
rapidly during exponential growth and was fully consumed by the start o f the stationary 
phase. Glucose utilization followed a similar pattern. However it was not fully utilized 
until after 45 hours o f incubation.
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Figure 4.1. Time course of growth, change in surface tension of culture broth and concentration 
of medium components during the cultivation of Isolate GO, at room temperature in PPGAS 
medium.
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Biosurfactant production was measured indirectly through the measurement o f the 
surface tension o f the culture broth. The surface tension o f the broth only started to 
decrease once the culture had reached stationary phase after 20 hours. Surface tension 
decreased rapidly from 70mN/m to a low of 30mN/m after 24 hours. After this the 
surface tension o f the broth did not decrease any further, indicating that the amount of 
biosurfactant in the broth had reached its critical micelle concentration (CMC). In order 
to investigate if  there had been further production o f biosurfactant during incubation, the 
surface tension o f a 1 in 100 dilution o f the broth was carried out. Figure 4.2 shows that 
the production o f biosurfactant continued up until 76 hours as indicated by a reduction 
of the surface tension o f the diluted broth. After 76 hours no further reduction in surface 
tension was observed, indicating that no more surface active compounds were produced 
by the culture.
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Figure 4.2. Surface activity profiles of undiluted and diluted culture medium during cultivation 
of Isolate GO, at room temperature, in PPGAS medium.
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Biosurfactant production was initiated at the start o f the stationary phase, which also 
coincided with the limitation of nitrate. This implied that biosurfactant production by 
this culture was triggered by the limitation o f nitrate in the growth medium, which 
concurs with Ramana and Karanth (1989) and Wu and Ju (1998) who reported that 
biosurfactant production by other strains o f Pseudomonas aeruginosa was triggered by 
nitrogen source limitation. As mentioned previously, the biosurfactants produced by 
Pseudomonas sp. are rhamnolipids, which contain rhamnose (sugar) units connected to 
fatty acid (lipid) residues. Mulligan and Gibbs (1989b) suggested that during 
biosurfactant biosynthesis it is lipid, not sugar, formation that is the rate limiting factor 
and that nutrient limitation (via nitrogen) may promote lipid accumulation.
The growth characteristics o f Isolate A and Pseudomonas aeruginosa NCIMB 8626 
followed very similar patterns to that o f this culture with maximum surface tension 
reduction observed after 80 hours o f growth (Appendix 2). From these results it was 
decided to harvest all three biosurfactants after 80 hours o f incubation. Weights o f 
recovered crude biosurfactant material were 1.372, 0.794 and 1.156g/L o f  PPGAS for 
Isolate A, Isolate GO and Pseudomonas aeruginosa NCIMB 8626, respectively. These 
yields are in close agreement with those o f Syldatk et a l (1985) who achieved a yield o f 
1.8g biosurfactant per litre in growing cultures o f Pseudomonas DSM 2874, while Sim 
et al. (1997) produced 2 g/L crude biosurfactant through the growth o f Pseudomonas 
aeruginosa UW-1 in mineral salts medium containing glucose as the carbon source.
4.1.3 Biosurfactant characterisation
Partially purified biosurfactant synthesized by Isolate A, Isolate GO and Pseudomonas 
aeruginosa NCIMB 8626 were assessed for their ability to lower the surface tension o f 
water and the interfacial tension between water and hexane. The results are shown in 
Table 4.4. The concentration o f biosurfactant required to achieve the CMC was 
approximately lOOmg/L for all three biosurfactants (See Figure 4.3a). These results are 
comparable to those o f biosurfactants produced by other Pseudomonas species, which
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have surface CMC values ranging from 10 to lOOOmg/L (Van Dyke et a l , 1993). These 
results show that all three partially purified biosurfactants were capable o f lowering 
surface and interfacial tension o f aqueous phases.
C oncentration  (mg/L)
Concentration (mg/L)
Figure 4.3. Dependence of surface tension (A) and interfacial tension (B) on the concentration 
of crude biosurfactant produced by Isolate A, Isolate GO and Pseudomonas aeruginosa NCIMB 
8626. Interfacial tension was measured between hexane and distilled water.
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Table 4.4. Minimum surface and iriteifacial tension achieved using the different biosurfactants
based on interpolation of data:[rom Figure 4.3.
Biosurfactant Type Minimum surface tension 
achieved (mN/m).
Minimum Interfacial tension 
achieved (mN/m).
None 72 21.5
Isolate A 29 1.5
Pseudomonas aeruginosa 
NCIMB 8626.
30 2.5
Isolate GO 30 2.5
In order to determine the ionic nature o f the biosurfactant, surface tension o f the culture 
broths was measured under different pH conditions. Culture broth was obtained after 80 
hours o f growth o f the three cultures in PPGAS. They were diluted to their CMC with 
distilled water. Surface tension o f the broth was measured while adjusting the pH with 
IN NaOH and IN  HCL. As the solution became more acidic, surface tension was 
lowered (see Figure 4.4), indicating that the biosurfactants from Isolate A, Isolate GO 
and Pseudomonas aeruginosa NCIMB 8626 were anionic. These results are similar to 
those produced by Ramana and Karanth, 1989, Roberts et a l y 1989, and Cho et a l , 1998 
which indicated that Pseudomonas aeruginosa produces anionic surfactants.
pH
Figure 4.4. Effect of pH on the surface tension of Isolate A, Isolate GO and Pseudomonas 
aeruginosa NCIMB 8626 culture broth. Cultures were grown up in PPGAS for 80 hours. The pH 
was adjusted with IN HCL and IN NaOH.
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4. L 4. Qualitative analysis o f biosurf actants
It has been reported that biosurfactants produced by Pseudomonas species are rhamnose 
containing glycolipids, referred to as rhamnolipids (Ochsner et a i , 1995). L-Rhamnosyl- 
L-rhamnosyl-|3-hydroxydecanoyl-P-hydroxydecanote (di-rhamnolipid) and L- 
Rhamnosyl-(3-hydroxydecanoyl-(3-hydroxydecanote (mono-rhamnolipid), referred to as 
rhamnolipid 1 and 2 respectively, are the principal rhamnolipids produced in liquid 
cultures by Pseudomonas aeruginosa (Ochsner et a l , 1995). Two other rhamnolipids, 3 
and 4, containing only one p-hydroxydecanoyl moiety have also been detected in 
cultures o f resting cells (Syldatk et a l  1985). However, it is thought that these types may 
represent degradation products from hydrolysis o f rhamnolipids 1 and 2 (Ochsner et a l, 
1995).
In order to investigate the type o f biosurfactants produced in this study, thin layer 
chromatography of the broth was carried out. Rhamnose containing components were 
detected using 2% anthrone in concentrated sulphuric solution (Banat et a l, 1991).
In this study a rhamnolipid standard solution containing rhamnolipid 1 and 2, received 
from Francis Environmental BioTek Inc.,Canada, was used as a reference to compare 
against the biosurfactants produced in the laboratory. These two rhamnolipids were 
identifiable by the fact that rhamnolipid 2 is more mobile than rhamnolipid 1 (Sim et a l ,
1997).
The TLC pattern o f the biosurfactant standard solution (Figure 4.5. Lane 1) indicates the 
presence o f  these components. The least mobile component, rhamnolipid 1, had an Rf 
value o f 0.32, while the other component, rhamnolipid 2, had an Rf value o f 0.75. These 
results are quite similar to those o f Cho et a l  (1998) who reported that rhamnolipids 1 
and 2 had Rf values o f 0.45 and 0.70 respectively. The slight difference in results may be 
due to the fact that this author used slightly different ratios o f solvent in the developing
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solvent, 66:25:4 v/v chloroform methanol.acetic acid compared to 65:15:2 v/v (Banat et 
a l y 1991) in this study.
TLC results for the biosurfactant produced by Pseudomonas aeruginosa NCIMB 8626 
(Figure 4.5, Lane 2) show that only one spot was detected with an Rf value o f 0.76, a 
value similar to that o f mono-rhamnolipid in the standard. This result confirms the work 
of Wild et a i  (1997) who reported that this organism, Pseudomonas aeruginosa NCIMB 
8626 (ATTCC 9027), only accumulates mono-rhamnolipids. It was found that Isolate 
GO produced a bio surfactant very similar to that o f Pseudomonas aeruginosa NCIMB 
8626 as only one spot was detected (Figure 4.5, Lane 3), which had an Rf value o f 0.75, 
also indicating the presence o f mono-rhamnolipid.
The bio surfactants produced by Isolate A were very different. As can be seen in Figure
4.5 Lane 4, TLC analysis o f  this biosurfactant revealed that it contained four detectable 
spots. Two of the spots have similar Rf values comparable to that o f the standard, 
indicating the presence o f  mono- and di-rhamnolipids. Another spot was detected which 
had an Rf value o f 0.53, while a fourth spot which was the least mobile component had 
an Rf value o f 0.23. These results imply that the biosurfactant produced by Isolate A, in 
PPGAS medium, contained four different types o f rhamnolipid, rhamnolipid 1 and 2 and 
two unidentified rhamnolipids. Without further analysis these unidentified rhamnose 
containing components could not be identified, but they may be rhamnolipid 3 and 4, 
biosurfactants which so far have only been produced in resting cultures o f Pseudomonas 
sp. DSM 2874 (Syldatk et a l  1985), as stated earlier. The amounts o f each rhamnolipid 
produced were not quantified directly but examination o f the intensity o f the spots on the 
TLC plates showed that the amount o f each rhamnolipid produced was in the order o f 
Rl>R2>unidentified compound 1> unidentified compound 2.
105
Sofveri front
Rhamnofcptd 2
Um dertifted cpd. 2
Knamnoipia i 
Um dertifted cpd. 1
Port of opplcabon
Figure 4.5. Thin layer chromatographs showing the separation of rhamnolipid components of 
crude biosurfactants.
Lanes correspond to; 1: rhamnolipid standard solution
2: Pseudomonas aeruginosa NCIMB 8626 biosurfactant 
3: Isolate GO biosurfactant 
4: Isolate A biosurfactant
The effect different concentrations o f  glucose had on biosurfactant production was 
investigated and it was found that the amount and type o f  each rhamnolipid produced 
varied depending on the concentration o f  glucose present in the medium. When the 
glucose concentration in PPG AS was doubled from 5g/L to 10 g/L the production o f  the 
two unidentified rhamnose containing compounds by Isolate A ceased, indicated by the 
disappearance o f  the spots which had Rr values o f  0.53 and 0.23 (see Figure 4.6, Lane 
2) Reducing the concentration o f glucose to 2.5g/L also had a similar effect (Figure 4.6, 
Lane 3) with the two unidentified compounds disappearing These results tend to
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confirm a proposal by Ochsner el al. (1995) that the predominant types o f rhamnolipid 
produced appear to be strain specific and seem to depend also on the environmental and 
cultivation conditions, and especially on the medium composition.
Figure 4.6. The effect of glucose concentrations on the production of biosurfactants by Isolate 
A. Lancs correspond to: 1 : PPG AS + 5g/L glucose
2: PPG AS + lOg/L glucose 
3: PPGAS + 2.5g/L glucose
4.1.5 Biosurfactant production using alternative carbon sources
Although interest in biosurfactants is increasing, these surfactants are not economically 
competitive compared to their synthetic counter-parts (Makkar and Cameotra, 1999). In 
the biosurfactant production process, the substrate can account for greater than 50% of
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the final product cost. Therefore, the use o f  inexpensive and renewable raw material is 
important to the overall economics o f  the biosurfactant production process.
DMSBP is a relatively inexpensive and renewable substrate and it was postulated that 
due to its high sugar content it may be utilised for the production o f  biosurfactants. The 
two cultures chosen to investigate the possibility o f  using DMSBP for biosurfactant 
production were Pseudomonas aeruginosa NCIMB 8626 and Isolate A. These two 
cultures were chosen as they both produce biosurfactants with significantly different 
characteristics. The effect DMSPB had on rhamnolipid production by Pseudomonas 
aeruginosa NCIMB 8626 and Isolate A is illustrated in Table 4.5 and Figure 4.7. The 
medium used for biosurfactant production was PPGAS in which the glucose was 
substituted by DMSPB.
The results show that when Isolate A and Pseudomonas aeruginosa NCIMB 8626 were 
grown in PPGAS with DMSBP as the carbon source, the surface tension o f  both culture 
broths was reduced significantly. The surface tension o f  the culture broth was reduced 
from 70mN/m to 36mN/m in the case o f  Isolate A, and to 49 mN/m in the case o f  
Pseudomonas aeruginosa NCIMB 8626. These results indicate the production o f surface 
active compounds. Analysis o f  culture broths by TLC revealed that both strains 
produced only rhamnolipid 1 when grown on DMSBP. Whilst not unusual for Isolate A  
to produce rhamnolipid 1, it was unusual for Pseudomonas aeruginosa NCIMB 8626 to 
produce this type o f  rhamnolipid as Wild et a l (1997) reported that Pseudomonas 
aeruginosa NCIMB 8626 only accumulated rhamnolipid 2. On the other hand, Ochsner 
et a l (1995) proposed that the predominant types o f  rhamnolipid produced depended on 
the medium composition. Overall, these results imply that it may be possible to use 
DMSBP for the production o f biosurfactants, but further work is required in order to 
optimize the production rate.
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Table 4.5. Effect of different carbon sources on the production of biosurfactants by 
Pseudomonas aeruginosa NCIMB 8626 and Isolate A.
Microorganism Carbon source 
(5% w/v)
Surface tension 
mN/m.
Crude extract 
weight g/L culture
Isolate A Glucose 29 1.372
Isolate A DMSBP 36.8 0.414
Pseudomonas aeruginosa 
NCIMB 8626
Glucose 30 1.146
Pseudomonas aeruginosa 
NCIMB 8626
DMSBP 49 0.356
All cultures grown for 80 hours under the conditions in Section 3.5.2.
In conclusion, Isolate A and Isolate GO the two cultures isolated from samples obtained 
in Co. Sligo, had the ability to produce biosurfactants. The biosurfactants produced by 
Isolate GO when grown in PPGAS were very similar to those produced by a known 
biosurfactant producer Pseudomonas aeruginosa NCIMB 8626 and contained 
rhamnolipid 2. The biosurfactants produced by Isolate A were significantly different and 
contained four rhamnolipids when grown in PPGAS. The concentration o f glucose in the 
PPGAS medium played a significant role on the types o f  rhamnolipids produced. It was 
also demonstrated that it was possible to use DMSBP as a substrate for biosurfactant 
production. The biosurfactants produced in this study were stored and used to determine 
the effect they had on the bioremediation o f  diesel contaminated soil.
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Figure 4.7. TLC plate of biosurfactants produced on different carbon sources by Isolate A and 
Pseudomonas aeruginosa NCIMB 8626.
Lanes correspond to: 1: Isolate A + Glucose
2: Isolate A + DMSBP
3: Pseudomonas aeruginosa NCIMB 8626 + Glucose 
4: Pseudomonas aeruginosa NCIMB 8626 + DMSBP
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4.2 Bioremediation of diesel contaminated soil
Before the effect o f  biosurfactant and organic matter amendments were assessed, studies 
were conducted to ascertain the amount o f  diesel lost due to abiotic factors. In addition, 
the role inorganic nutrients play in bioremediation was studied. These studies were 
undertaken as certain authors have reported that abiotic losses are insignificant in 
hydrocarbon removal from soil, while others have shown that such factors can account 
for a significant fraction o f total hydrocarbon removal (Song et a i , 1990; and Margesin 
et a i 2000a). Similarly, in relation to nutrient amendments, various authors have 
reported differing effects o f  inorganic nutrient addition on the bioremediation o f  
hydrocarbons (Margesin and Schinner, 1997c; and Rhykerd et a i, 1999)
4.2.1 Abiotic losses
Abiotic control experiments were carried out to investigate mechanisms, other than 
biodégradation, contributing to the removal o f  diesel oil from soil. Abiotic reactions 
include inorganic, organic, photolytic, surface-catalyzed, sorptive, and transport 
processes (Sepic et a l , 1995a). In the past various authors (Song et al., 1990; Margesin 
and Schinner, 1997a; 1997b; and Margesin et aL, 2000a) have demonstrated that abiotic 
processes can contribute significantly to the overall removal process o f  diesel from 
contaminated soil.
In this study abiotic losses were calculated for the three types o f  microcosms used 
throughout the soil experiments. The three types o f  microcosms, (as described in Section 
3.7) included: (1) static, where the soil sample was not mixed once the treatment was 
added; (2) manually mixed, the soil was manually turned at regular intervals; (3) forced 
aeration, where a pump was used to deliver air to the soil.
Sterilization o f  the soils was achieved by poisoning with 0.15% HgCh (Walworth and 
Reynolds, 1995). This treatment rendered the sample microbiologically inactive while
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producing minimal changes in the physical and chemical properties o f  the samples 
(Hwang, 1999). Throughout the entire experiment no microorganisms were recovered 
from any o f  the abiotic systems, using the standard plate count method, which indicated 
that 0.15% HgCh acted as a good biocide.
Trends for the percentage removal o f  THEM as a function o f  time are shown in Figure 
4.8. The trends shows that, in the static microcosm, abiotic losses resulted in a reduction 
o f 17 % o f THEM by day 40, after which no further losses were detected. GC analysis o f  
the THEM on day 112 (Figure 4.8) showed that the lower molecular weight compounds 
up to n-C9 were completely removed, while only a small portions o f  «-C 10 to «-C 13 were 
removed (see Figure 4.10).
Manually mixing the soil resulted in a steady decline in THEM at a rate o f  0.16% (per 
dry weight) per day and after 108 days 24.6 % o f the original sample was lost due to 
abiotic factors. Under these conditions compounds below n-Cu were totally removed 
while compounds up to n-C\6 were partially removed (Figure 4.9 and 4.10).
Off the three aeration systems used in this study it was the microcosm which had forced 
aeration that had the greatest loss due to abiotic factors. In this microcosm the air pump 
distributed an average o f  120L air/kg soil/hour. Over the first 15 days a rapid removal o f  
THEM was observed compared to the other two systems (Figure 4.8). Removal occurred 
at an average rate o f  2.96 % per day for the first 15 days o f  incubation resulting in 
approximately 42% removal o f  THEM. After this initial rapid depletion the rate o f  
removal decreased rapidly with little to no loss observed over the following 1 0 0  days. 
After 112 days o f  incubation 43 % THEM had been removed in the forced aeration 
treatment. The chromatograph o f  the THEM at day 112 (Figure 4.9) shows that, after 
1 1 2  days, all the peaks before «-C 13 were completely removed while portions o f  «-C 13 
up to n-Ci6 were removed (Figure 4.10). This increase in abiotic losses can be attributed 
to increased volatilization as a result o f  the increased movement o f  air through the soil.
112
Time (Days)
Figure 4.8* The effect of different types of aeration on the abiotic removal of THEM from diesel 
contaminated soil. Error bars represent ± 1 standard deviation (n = 4).
The results obtained here for the abiotic removal o f  diesel from a soil system (17 to 
42%), compare favourably with those reported by other authors. For example, Margesin 
et a l (2000a) demonstrated that in a manually aerated soil up to 35% o f  diesel was 
eliminated due to abiotic losses after an 88 day experimental period, and Song et a l 
(1990) found that after 126 days o f  incubation approximately 25% removal o f  diesel was 
attributed to abiotic factors. These results confirm that abiotic processes can contribute 
significantly to the overall removal process o f  diesel from contaminated soil, and would 
corroborate the proposal o f  Kroening et al. (2001) who postulated that abiotic loss may 
be a significant method o f  diesel contamination removal that may have previously been 
underestimated or overlooked in short term studies. The results found in this study also 
demonstrated that the type o f  aeration plays an important role in abiotic losses o f  diesel 
from soil.
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The problem associated with using abiotic removal as a complete remediation processes 
for diesel contaminated soils is that while it can account for significant losses in the 
early stages o f  a fresh diesel spill, it rates o f  removal declines significantly once the 
highly volatile components are removed and the heavier molecular weight, less volatile 
compounds remain. Alone, abiotic processes could take years to remove these heavier 
molecular compounds, a time scale not viable for most remediation projects.
Figure 4.9. Removal of diesel due to abiotic factors. (A) Chromatograph of unweathered diesel; 
(B) biotic losses in static microcosm after 112 days; (C) abiotic losses in manually mixed 
microcosm after 108 days; (D) abiotic losses in forced aerated microcosm after 112 days. All 
microcosms were maintained at room temperature.
114
120  -  
100  -
80  -
“5ç  "a>
§ 60  - 
o
40  - 
20  -  
0 -
8 9 10 11 12 13 14 15 16 17 18 19 20  21 22 23 24 25
n-alkane carbon number
Figure 4.10. The effect of different types of aeration on the abiotic removal of individual n- 
alkanes from diesel contaminated soil after incubation at room temperature for 112 days for the 
static and forced aerated and 108 days for the manually aerated microcosm.
4.2.2 Effect o f inorganic nutrient amendment
It has been well documented in the literature that a major limitation in bioremediation o f  
hydrocarbon-contaminated soil is the bioavailability o f  nutrients, especially o f  nitrogen 
and phosphorus. In general, in contaminated soils, nutrients need to be added in order to 
enhance bioremediation processes (Margesin and Schinner, 1997a). To date, a large 
number o f both laboratory and field experiments have demonstrated the enhancement 
and acceleration o f  hydrocarbon biodégradation in nutrient amended soils 
(Frankenberger et al., 1989; Morgan and Watkinson, 1989; Rosenberg et a l, 1992; 
Radwan et a l, 1997; Demque et a l, 1997; Rhykerd et a l, 1999; Taylor and 
Viraraghavan, 1999, Margesin et a l, 2000a). The exact amount and type o f  nutrient 
required is difficult to predict and depends on the amount o f  carbon available. C:N:P 
ratios used by different authors varied from 500:1:0.001 (Huesemann, 1994) to 9:1:0.2 
(Morgan and Watkinson, 1989) and the effect on hydrocarbon biodégradation varied 
considerably. This variation in opinion and resulting outcomes on bioremediation
S ta t ic
M a nu al ly  a e ra te d  
F o rc e d  ae ra te d
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\processes prompted the necessity to establish the effects inorganic nutrient amendment 
alone had on diesel removal from the contaminated sandy soil used in this study.
Chemical analysis o f the sandy soil used throughout this study indicated that the soil was 
very low in organic carbon and the major nutrients (See Table 3.1). The soil contained 
0.41% organic carbon, 150mg/kg total Kjeidahal nitrogen and I2mg/kg available 
phosphorus. The C:N:P ratio o f the soil before it was contaminated with the diesel was 
approximately 273:10:0.8. In soils contaminated with diesel the amount o f carbon in the 
soil was calculated based on amount o f diesel in the soil and 85 % carbon content in the 
diesel (Rhykerd et al., 1999). Throughout this study, diesel was added to the soil to give 
a final concentration of approximately 5% which resulted in a C:N:P ratio o f 
3000:10:0.8 before any amendments were applied.
In the soil bioremediation experiments, unless otherwise stated, nitrogen in the form o f 
NH4NO3, and phosphorus and potassium in the form o f KH2PO4 were added to adjust 
the C:N:P to approximately 1000:10:1.5 in the contaminated soil. This ratio was chosen 
as it was in the middle o f the extremes reported in the literature. Inorganic nutrient 
consumption was not monitored during the soil experiments but additional inorganic 
nutrients were added biweekly to ensure that N, P and K did not become limiting.
An experiment to determine the effectiveness o f inorganic nutrients on the 
bioremediation o f diesel contaminated soil was carried out in a manually aerated system, 
and the results for the trends in biodégradation o f DRO, total w-alkanes, UCM and 
pristane in relation to time are presented in Figure 4.11. The correlation coefficients for 
the kinetic models indicated that the first order model describes the degradation o f  the 
different fractions with high correlation (r > 0.85). Other authors who have demonstrated 
that first order kinetics describes the degradation o f hydrocarbons with high coefficients, 
independent o f the starting concentration, include Hwang (1999), Jorgesen et al. (2000) 
and Nocentini et al. (2000).
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In the unamended soil the first order degradation rate constant for DRO was calculated 
to be 0.0024/day and after 108 days incubation 27% of the DRO had been removed. This 
percentage removal in the unamended soil was not significantly different (P<0.05) to 
that o f the abiotic removal (24.6%) under similar conditions. Examination o f the gas 
chromatographic fingerprint o f the residue diesel in the unamended soil after 108 days 
showed that only the lower molecular weight compounds in the diesel were removed. 
This chromatographic fingerprint was very similar to that observed in the abiotic 
microcosm which suggests that very little, if any bioremediation of diesel occurred in 
the unamended diesel contaminated soil. Another parameter used to quantify 
hydrocarbon loss to microbial degradation (i.e. ratio o f w-Cnipristane) indicated that 
very little bioremediation o f  the diesel had occurred in the unamended soil. The ratio o f 
w-Ci7:pristane in the residue diesel o f the unamended soil at the end of the experiment 
was 1.5 ± 0.13(n = 4) which was not significantly different to that o f fresh diesel 1.6 ± 
0.1 l(n = 4). Ratios o f w-alkanes to pristane are a traditional weathering indicator which 
has been used for many years to give estimations o f  hydrocarbon degradation taking 
place. Pristane is more resistant to biodégradation than the straight chain «-alkanes and 
therefore a reduction in w-Cn'.pristane ratios indicates bioremediation o f the diesel 
(Kennicutt, 1988; Atlas, 1991; Butler et a l, 1991; and Tabak et a i, 1991). However, as 
will be discussed later, there are particular problems associated with using this particular 
weathering indicator (Section 4.2.4.3).
Amending the soil with inorganic nutrients increased the first order degradation rate 
constant to 0.0057/day and resulted in a significantly higher removal o f  DRO compared 
to the unamended soil. After 108 days o f incubation the diesel contaminated soil 
amended with inorganic nutrients increased the removal o f DRO to 51 % compared to 
25 % in the unamended soil. The ratio o f n-Cn:pristane was significantly reduced 
(P<0.05) from 1.6 ± 0.11 on day zero to 0.25 ± 0.01 , which is indicative that 
bioremediation had occurred. The overall removal o f DRO in this study is comparable to 
the findings o f Rhykerd et a i  (1999) who reported 33% removal o f diesel in nutrient 
amended soil after an 84 day experimental period.
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However, the percentage removal o f  diesel in this study in the nutrient amended soil was 
relatively low compared to other figures published in the literature. Margesin and 
Schinner (1997a) reported that 47% o f diesel in a nutrient amended arable soil was 
removed by bioremediation after 30 days at 25°C, while in another report by Margesin et 
a l  (2000b) using a higher nutrient application (C:N ratio o f 20:1) resulted in the removal 
o f 74% diesel in a 70 day period. Demque et a l  (1997) established that a similar range 
o f diesel removal (approximately 61-83% in 98 days) from Petawawa sand was achieved 
through biostimulation with a commercial fertiliser. A possible reason for the difference 
in rates o f diesel removal maybe that the soils originate from entirely different sources 
and therefore would have totally different microbial populations, which may have a 
different affinity to diesel and hence its degradation.
The main reason for the increase in DRO removal in the inorganic nutrient amended soil 
presented here was most probably due to the increased biodégradation o f  the total n- 
alkanes (Figure 4.1 IB). The removal rate o f the «-alkanes, ranging from n-C9 to n-C25, 
was approximately 6.5 times greater in the nutrient amended soil (k =0.033/day) than in 
the unamended soil (k = 0.002/day)., After 108 days 79 % of the total alkanes had been 
removed leaving behind the more recalcitrant compounds such as branched alkanes 
(including the isoprenoids pristane and phytane), cyclic alkanes and alkyl aromatics such 
as naphthalenes and phenanthrenes (Revill et a l , 1992) (Figure 4.12). The disappearance 
o f these more dominant resolved components in the gas chromatograph resulted in the 
detection o f a “hump” or unresolved complex mixture (UCM). This UCM is found in 
most petroleum products but is typically more pronounced in weathered/ biodegraded 
products (Gough et a l , 1992; Revill et a l,  1992; and Wraige, 1997). The concentration 
o f the isoprenoid pristane was not significantly reduced (< 10% o f original 
concentration) in either o f the treatments (Figure 4.11C), whilst the removal o f the UCM 
fraction o f diesel was only slightly enhanced through nutrient addition. At the 
termination o f the experiment, 28.4 % UCM had been removed in the nutrient amended 
soil, 12% more than in the unamended system (Figure 4.1 ID).
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Figure 4.11. Effect of inorganic nutrient amendment on the removal of diesel from a sandy soil. 
(A) Removal of DRO with time; (B) Removal of total w-alkanes with time; (C) Removal of 
pristane with time; (D) Removal of UCM with time. Conditions are described in Section 3.8.3. . 
Error bars represent ± 1 standard deviation (n = 4).
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Figure 4.12. Gas chromatograph of the THEM from (a) unamended and (b) inorganic nutrient 
amended diesel contaminated soil. The soils was incubated at room temperature for 108 days 
and manually mixed biweekly, (int. 1 = internal standard, 1-phenylhexane; int. 2 = internal 
standard, 1 -phenyltridecane; sg 1 ^ surrogate standard, naphthalene; and UCM = unresolved 
complex mixture).
The enhanced removal o f diesel components in the inorganic nutrient amended soil 
corresponded with stimulation in microbiological parameters. The total number o f 
mesophilic microorganisms increased in both inorganic nutrient amended and 
unamended soils over the first few days (Figure 4.13). From day 0 to day 4 there was 
an initial increase in CFUs from 2.2xl05 to 1.6 x 107 CFU/g dry soil in the unamended 
soil and to 4.3xl07 CFU/g dry soil in the inorganic nutrient amended soil. After day 4 
the numbers in the unamended sample did not increase any further, averaging between 
106 and 107 for the duration o f  the experiment. In the amended soil the numbers o f CFU 
increased further to 5.7xl08 by day seven, after which the numbers stayed significantly
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higher throughout the experiment, ranging from 108 to 109 These results indicated that 
the increased removal o f diesel through the addition o f inorganic nutrients was as a 
result o f stimulation of the indigenous microbial population.
In this study, it was observed that the numbers o f bacteria increased following 
biostimulation through the addition o f inorganic nutrients, but also a significant increase 
was observed in the soil that did not receive nutrients but had diesel present. This 
increase was attributed to the stimulatory effects o f moisture content adjustment and the 
addition o f the diesel, a phenomenon previously encountered by Harrison et al. (2000).
Data was obtained on changes in microbial activity upon inorganic nutrient addition by 
measurement o f soil respiration using a BI-2000 electrolytic respirometer (Section 
3.8.6). Respirometry is a method o f determining metabolic activity as measured by 
changes in concentrations o f  carbon dioxide and oxygen and has been used repeatedly 
during bioremediation projects (Van der Waarde et a l, 1995; Margesin and Schinner, 
1997a; Hwang 1999; Margesin et a l, 2000a and Namkoong et a l, 2002). Soil 
respirometery was carried out, as quantification o f viable soil microorganisms alone 
gives no information about the efficiency or microbial activity o f the populations. It is 
also well known that only a small portion o f soil microorganisms can be isolated and 
cultivated on laboratory media (Margesin et a l, 2000a).
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Figure 4.13. Trends in total mesophilic bacteria numbers recovered from diesel contaminated 
soil, amended and unamended with inorganic nutrients. Error bars represent =fc 1 standard 
deviation (n = 4).
Trends in soil respiration as a function o f time are shown in Figure 4.14. After a lag 
phase o f four days the amount o f O2 consumed in the nutrient amended sample started to 
increase at a steady rate o f 202 mg 02/kg soil/day and after 20 days o f incubation, at 
room temperature, 4,11 lmg 02/kg soil was consumed in the inorganic nutrient treated 
soil. This consumption after 20 days in the inorganic nutrient amended soil was almost 
four times greater than in the unamended soil which had consumed 1,439 mg 02/kg in 
the same time period. The lag phase can be attributed to the fact that the indigenous 
microorganisms which, have had no previous exposure to diesel, take time acclimatising 
to the new carbon source. Siddiqui and Adams (2002) found a similar pattern in O2 
consumption in an inorganic nutrient amended diesel contaminated soil. They reported 
that when diesel plus inorganic nutrients were added to soil with no previous history o f 
hydrocarbon contamination, soil respiration response showed a lag phase of six days. 
The same authors also showed that the lag phase was reduced to only two days when 
diesel plus inorganic nutrients were added to a soil with a previous history o f 
hydrocarbon contamination. The increase in soil respiration after nutrient application, as 
compared to the sample without nutrients, has repeatedly been described (Margesin and 
Schinner 1997a; Hwang, 1999; and Margesin et al.t 2000a) and is interpreted as an 
indication o f enhanced hydrocarbon minerilization.
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The combined results for, THEM removal, total mesophilic bacterial numbers and soil 
respiration, demonstrate that application o f inorganic nutrients at the rate used in this 
study increased the microbial activity significantly and enhanced the degradation rate o f 
diesel in contaminated soil compared to an unamended control
Time (hours)
Figure 4.14. Trends in O2 consumption in diesel contaminated soil with and without inorganic 
nutrient amendment. Error bars represent ± 1 standard deviation (n = 3).
4.2.3 Effects o f  biosurfactant amendment on diesel bioremediation
The bioremediation o f  organic contaminants, such as diesel, suffers from several 
bottlenecks, one o f which is the low bioavailability o f hydrophobic organic 
contaminants. This poor bioavailability is caused by low mass transfer rates o f the 
contaminants to the degrading microorganisms from sites where they are inaccessible 
(Noordman, 1999). In these situations the use o f  biosurfactants to increase the
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bioavailability o f the contaminants has been suggested as a way of enhancing the 
bioremediation process. To-date limited research has been carried out with regard to the 
use o f surfactants or biosurfactants to enhance the bioremediation of diesel contaminated 
soils. In this section, the bio surfactants produced by Isolate A and Pseudomonas 
aeruginosa NCIMB 8626 were investigated for their possible use in enhancing the 
remediation of diesel contaminated soil.
Solubilising agents such as biosurfactants may enhance bioremediation of soils 
contaminated with hydrophobic organic contaminants by diminishing sorption o f the 
contaminants or increasing desorption rates. The effectiveness o f the two biosurfactants 
to enhance the removal o f sorbed diesel from soil was determined using a washing 
procedure and compared with the use o f a synthetic surfactant. Diesel contaminated soil 
(approximately 5% diesel v/w) was washed with solutions o f the different surfactants at 
various concentrations, and the DRO in the aqueous wash solution were calculated.
The results for DRO removal by the different surfactant solutions are presented in Figure 
4.15. It can be seen that the amount o f DRO removed was different for each surfactant 
and was dependant on surfactant concentration. For all surfactants tested the removal o f 
DRO increased with increase in surfactant concentration. At the lowest concentration o f 
0.1 times their CMC the surfactants did not significantly (P<0.05) enhance DRO 
removal compared to water alone. Increasing the concentration to 1, 2 and 5 times their 
CMC resulted in significant (P<0.05) enhancement in DRO removal compared to 
washing with water alone. The most efficient o f the surfactants tested was the 
biosurfactant produced by Isolate A which removed 54.4 % of the added DROs when 
applied at five times its CMC. Triton X-100 (synthetic surfactant) and the biosurfactant 
produced by Pseudomonas aeruginosa NCIMB 8626 removed 41 and 21 % o f the DRO, 
respectively, when applied at a similar concentration o f five times their CMC. These 
results indicate that increasing the concentration o f each surfactant tested to above their 
CMC significantly enhanced the removal o f diesel. The results obtained in this study 
compare favorably to findings by Scheibenbogen et al. (1994) and Bai et al. (1997), both 
of whom reported that biosurfactants, produced by Pseudomonas aeruginosa, were most
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effective at removing residual hydrocarbon from sandy soil at concentrations above their 
CMC. Ang and Abdul (1991) postulated three mechanisms for removal o f hydrocarbon 
from soil columns; displacement (e.g. as by water); dispersion (surfactants lower surface 
tension, leading to oil displacement); and solubilisation (dissolution) o f oil by surfactant 
micelles. It is likely that all three mechanisms were involved in the removal o f 
hydrocarbons by the surfactants tested in this study. However, as there was a large 
increase in removal at concentrations above the CMC value it was postulated that 
solubilisation was the most important mechanism for removal o f diesel from soil.
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Figure 4.15. Removal of diesel from soil by washing with the biosurfactants produced by Isolate 
A and Pseudomonas aeruginosa NCIMB 8626, and the synthetic surfactant Triton X-100. Error 
bars represent ± 1 standard deviation (n = 4).
Comparison o f the results for the three surfactants tested show that the biosurfactant 
produced by Isolate A was the most effective at removing DRO from the sandy soil 
followed by the synthetic surfactant Triton X-100, while the biosurfactant produced by 
Pseudomonas aeruginosa NCIMB 8626 was the least effective at removing DRO from 
the sandy soil.
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Examination o f  the removal o f  individual n-alkanes and the isoprenoids pristane and 
phytane after washing o f  the diesel contaminated soil w ith the biosurfactant solutions 
produced by Isolate A demonstrated that there was no preferential removal o f  the lower 
molecular weight compounds compared to  the higher molecular weight compounds 
(Figure 4.16). This was illustrated by the fact that the concentrations o f  the selected 
compounds increased by similar proportions as the concentration o f  the biosurfactant 
increased, i.e. the concentration o f  all the selected w-alkanes and the tw o isoprenoids 
removed increased by a factor o f  1.7 ± 0.14 when washed with biosurfactant at two 
times its CMC, compared to  washing with water. Increasing the concentration o f  the 
biosurfactant to five times its CMC resulted in a further increase in the percentage 
removal, b y a fa c to ro f3 .5 ± 0 .1 4 .
All the above results demonstrate that the surfactants tested enhanced the removal o f  a 
major portion (up to  54%) o f  sorbed diesel from soil relative to  treatment without the 
surfactants (4%). However, enhanced removal o f  sorbed contaminants does not 
necessarily result in an enhancement in the bioremediation o f  the contaminant and 
therefore further studies were carried out to investigate if  the biosurfactants would 
enhance the bioremediation o f  diesel contamination.
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Figure 4.16. Recovery of hydrocarbon fractions from diesel contaminated soil by washing with 
different concentrations of the biosurfactant produced by Isolate A. C14 to C24 represent 
straight chain alkanes, Pr and Ph refer to pristane and phytane.
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Before surfactants were used in bioremediation studies it was important to establish that 
they were not toxic to the degrading microbial populations as this would result in 
inhibition o f the bioremediation process. It is well known that surfactants can be toxic to 
bacteria (Noordman, 1999). In this present study the toxicity o f biosurfactants produced 
by Isolate A, Isolate GO and Pseudomonas aeruginosa NCJMB 8626, towards the 
indigenous soil microbial population was investigated. Each surfactant was tested at a 
concentration equivalent to five times their CMC, which was higher than that used in the 
bioremediation experiments. The growth patterns o f  the soil consortium, grown in 
nutrient broth in the presence o f  the different surfactants, as measured through optical 
density determination at 600nm, are shown in Figure 4.17. The results indicate that there 
was no significant difference in the growth pattern o f the soil consortium in the presence 
o f the biosurfactants, compared to the control. This would suggest that the surfactants 
were not toxic to the soil consortium. However, due to the complexity o f the indigenous 
soil microbial populations it is impossible to say that all o f the individual 
microorganisms, important in the overall degradation o f  diesel, are unaffected by the 
presence o f these biosurfactants.
Time (hours)
Figure 4.17. The effects of the different surfactants on the growth of soil microorganisms in 
nutrient broth grown in flask cultures. All surfactants applied at 5 x CMC.
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Even though the importance o f inorganic nutrients in the biodégradation o f diesel in soil 
has been discussed, a study was conducted to investigate whether a single application o f 
biosurfactants to diesel contaminated soil, without nutrient amendment, would have an 
effect on the rate o f diesel biodégradation. Biosurfactants produced by Isolate A and 
Pseudomonas aeruginosa NCIMB 8626 were applied at concentrations o f 0.1, 1.0 and 3 
times their CMC (see Table 3.5) and the microcosms (Figure 3.1 A) were left static 
throughout the experiment. At the end of the experimental period o f 90 days, no 
significant difference in the THEM removal was observed between the soils with or 
without biosurfactant amendment (see Appendix 3). GC analysis o f the THEM showed 
that at the end o f the experiment only the w-alkanes with retention times less than «-C 13 
were removed in any o f the treatments and none of the chromatographic fingerprints 
differed significantly from that o f the abiotic sample. Calculations o f the ratios o f n- 
Ci7:pristane in the residue diesels on day 90 (Figure 4.18) indicated that no reduction in 
the ratios had occurred and thus confirmed that no biodégradation had occurred.
Analysis o f the soil for biosurfactant activity at the end o f the 90 day experimental 
period showed that neither o f the biosurfactants were detectable in the soil, independent 
o f the starting concentration. These results suggested that the two biosurfactants were 
biodegraded by the indigenous soil microorganisms and prompted the necessity for an 
investigation into the fate o f the biosurfactants in the sandy soil in order to determine 
how quickly they are degraded.
Therefore it may be concluded that a one off addition o f these biosurfactants on their 
own to a diesel contaminated soil would have no impact on bioremediation.
128
2.2
2.0  -
1.8 -
1.6 -
o> 1.4 - c  
¿2
»  1.2 - 
a .
^ 1.0 - 
Ï  0.8- 
0.6 -  
0.4 - 
02 -  
0.0  -
0.1 1 3
Concentration ( x CMC)
Figure 4.18. Effect of biosurfactant addition on «-Ci7:pristane ratio in soils contaminated with 
diesel in the absence of inorganic nutrients. Biosurfactants were applied in a single application to 
the diesel contaminated soil and above represents results for the ratio of w-Cn^pristane on day 90 
of the experiment. Values are expressed as the mean of 3 replicates. Error bars represent ± 1 
standard deviation.
As no surface activity was found to be present at the end of the period of analysis, it was 
decided to investigate the fate of biosurfactants in the soil. The fate of the biosurfactants 
in soil was investigated by amending the soil with the biosurfactants and measuring the 
water extractable surfactant over time (Section 3.6.6). The results (Figure 4.19) 
established that both biosurfactants disappeared rapidly from diesel contaminated sandy 
soil, i.e. within a matter of days, as measured by the disappearance of the surface 
activity. When applied at a concentration of approximately equivalent to their CMC, the 
two biosurfactants were removed from the soil system within six days. To confirm that 
this removal was due to biodégradation and not abiotic losses such as volatilization or 
their sorption to soil particles, an abiotic control was run in which Isolate A 
biosurfactant was added into sterile soil (autoclaved). Over a 20-day period no removal 
of the biosurfactant was observed in the sterile soil as measured by retained surface 
activity (Figure 4.19), confirming biodégradation as the mechanism for biosurfactant 
removal from the soil. These results compare favourably with those of Bregnard et a l  
(1998) who reported that rhamnolipid biosurfactants, similar to those used in this study,
Unweathered diesel 
Isolate A 
NCIMB
I I
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were biodegraded by indigenous sandy soil microorganisms. These findings further 
suggest that biosurfactants would have to be added on a regular basis in order to be of 
any value in promoting bioremediation.
Time (days)
Figure 4.19. Fate of the biosurfactants in the diesel contaminated soil. Soil samples were 
washed with distilled water and the surface tension of centrifuged aqueous phase was 
determined. The background surface tension of the soil is not presented, but averaged 71.25 
mNm'1 throughout the experiment. Error bars represent ± 1 standard deviation (n = 3).
As the effect o f a single application o f biosurfactants with no additional nutrients had no 
impact on bioremediation o f diesel contaminated soil, it was decided to investigate the 
effect multiple additions o f  biosurfactant had on the bioremediation process. 
Biosurfactants from Isolate A and Pseudomonas aeruginosa NCIMB 8626 were added 
every week (on the basis o f previous findings regarding their biodégradation) to the 
diesel contaminated sandy soil (5%), to maintain a concentration equivalent to three 
times their CMC. On this occasion the soil contained inorganic nutrients, NH 4NO3 and 
KH2PO4  as per Section 3.8.3, in order to achieve a more realistic situation for 
bioremediation to take place. The microcosms (Figure 3.2) were force aerated over a 
period o f 98 days and the degradation patterns o f the THEM found in the different 
treatments are presented in Figure 4.20. It can be seen that over the first 15 days there
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was no significant difference in the percentage removal o f  THEM in all the treatments 
compared to the control which had no biosurfactants (33-45% removal), with the 
degradation rates varying from 2.1 to 2.9 % THEM per dry weight soil per day. After 
day 15 the degradation rates slowed down in the nutrient amended system to a rate o f  
0.23% per day. In the biosurfactant amended soils the rates also slowed down but 
continued at a slightly higher rate than the control, at 0.41 and 0.38% per day for 
Psuedomonas aeruginosa NCEMB 8626 and Isolate A biosurfactants, respectively.
By the end o f  the experimental period there was no statistically significant (P<0.5) 
difference between the two biosurfactant amended microcosms compared to the 
inorganic nutrient only amended system. After 98, days Isolate A and Pseudomonas 
aeruginosa NCIMB 8626 biosurfactants had removed 74 and 72 % THEM, respectively 
compared to 65 % in the inorganic nutrient amended system. These results suggested 
that the addition o f  biosurfactants from Isolate A and Pseudomonas aeruginosa NCIMB 
8626 had no positive effect on the removal o f  THEM from a diesel contaminated soil 
compared to amendment with inorganic nutrients only.
Time (days)
Figure 4.20. Effect of biosurfactants plus inorganic nutrients on removal of THEM from a sandy 
soil freshly contaminated with diesel. Error bars represent ± 1 standard deviation (n -  4).
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In order to determine whether specific components o f the diesel had preferentially been 
removed under these conditions, qualitative analysis o f the THEM was performed by 
GC. The results indicated that by the end of the experimental period all the large 
resovable peaks (i.e. straight chain «-alkanes) had been removed under all conditions 
and to the same extent, whereas isoprenoid alkanes, such as pristane and phytane were 
still detectable. The UCM had become more prominent by the day 98 as a consequence 
o f «-alkane removal (See appendix 4).
Semi qualitative analysis o f «-alkanes was carried out by calculating the ratio o f «- 
alkanes to pristane. The trends for a selection o f «-alkanes to pristane ratios are shown in 
Figure 4.21 where it can be seen that there were no significant difference between the 
rates o f removal in biosurfactant treated and untreated systems, with all the «-alkanes 
being degraded within 60 days. Also Figure 4.21 shows that the ratio o f phytane to 
pristane did not change through out the experiment indicating that phytane was not 
degraded under these conditions. In this experiment only «-alkanes and phytane were 
semi quantified as no internal standard was used. Visual comparison o f the gas 
chromatographs on day 98 showed there were no significant differences in the gas 
chromatographic fingerprints from any o f the treatments (See appendix 4). Each sample, 
and the control, still contained pristane and phytane as well as a prominent UCM. Figure 
4.22 represents a typical chromatographic fingerprint o f the extracted material on day 
98. It can be concluded that the addition o f biosurfactant to the diesel contaminated soil 
did not significantly enhance the removal o f  any o f the selected individual components 
of diesel and over the experimental period tested did not enhance the overall THEM 
removal compared to amendment with inorganic nutrient only.
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Figure 4.21. Ratios o f selected «-alkanes to pristane in (a) inorganic nutrient amended, 
(b) inorganic nutrient amendment + Isolate A biosurfactant, (c) inorganic nutrient 
amendment + Pseudomonas aeruginosa NCIMB 8626 biosurfactant. Error bars 
represent ± 1 standard deviation (n = 4).
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Figure 4.22. Chromatographic fingerprint of residual diesel extracted from soil after 98 days 
treatment with biosurfactants in the presence of nutrients. This chromatograph represents a 
typical chromatographic fingerprint of residual diesel after treatment with either, inorganic 
nutrients only, inorganic nutrients + Isolate A biosurfactant, or inorganic nutrient + 
Pseudomonas aeruginosa NCIMB 8626 biosurfactant (for other chromatographic fingerprints 
see Appendix 4)
At the same time THEM analysis was being carried out changes in microbial 
populations were monitored by recovering total mesophilic bacteria (TMB) at 22°C. The 
patterns o f TMB through out the experimental period are presented in Figure 4.23. In the 
initial stages i.e. within 7 days o f  the start, a rapid increase in TMB was observed in both 
the control and in the biosurfactant amended soils. The CFU/g soil (dry weight) 
increased from an average o f 1.7xl05 to 4.6xl08. After this initial rapid increase, the 
numbers remained elevated up until day 41. However, after day 41 the numbers started 
to decline and continued to decline until the end of the experiment at day 98. Matching 
the pattern o f microbial populations with the presence o f w-alkanes, indicated that this 
decline in microorganism numbers coincided with the complete disappearance o f  n- 
alkanes. This suggested that once the w-alkanes were removed the majority o f the 
indigenous microbial population did not have the ability to metabolize the remaining 
more recalcitrant compounds, such as the isoprenoids and the compounds present in the 
UCM and, consequently they died off, lowering the total microbial population.
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Figure 4.23. Trends in total mesophilic bacteria in freshly contaminated diesel soil amended 
with biosurfactant plus inorganic nutrients. Error bars represent ± 1 standard deviation (n = 4).
It was postulated that once the readily biodegradable compounds had disappeared that 
the presence o f  biosurfactants would increase the bioavailability o f  the remaining 
compounds and in-tum enhance their biodégradation, as it had been suggested by 
Bregnard et a l (1996 and 1998) that the initial enhanced degradation rates o f  
hydrocarbons often decline despite a sufficient supply o f  oxidants and nutrients due to 
reduced bioavailability o f  the remaining fraction. However, these results indicated that 
the application o f  biosurfactants produced by Isolate A  and Pseudomonas aeruginosa 
NCIMB 8626 had only a slight enhanced effect on the removal o f  THEM, with their 
presence having no significant effect on the removal o f  individual components within 
the diesel sample.
To date limited work has being carried out on the amendment o f  diesel contaminated 
soil with biosurfactants, with only some data available on the effects o f  synthetic 
surfactant amendment to diesel contaminated soil. Bregnard et a l (1998) demonstrated 
that biodégradation o f  weathered diesel fuel under denitrifying conditions was not 
stimulated by the addition o f  a rhamnolipid biosurfactant and Triton X-100. They found
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that after 138 days o f incubation at 25°C between 80 and 95% o f the original diesel was 
still recovered from aquifer material. Margesin and Schinner, (1999) found that, in 
freshly contaminated diesel soil, biodégradation by the indigenous microorganisms was 
inhibited at all concentrations o f sodium dodecyl sulfate concentrations tested (50 -  
l,000mg/L). Some work has been carried out on the effects o f surfactants on soils 
contaminated with other hydrocarbons i.e. Providenti et a l (1995) reported that a 
biosurfactant produced by Psuedomonas aeruginosa UG2 inhibited the degradation o f 
phenanthrene in sandy loam and silt loam soil slurries. Holden et al. (2002) found that in 
sand the in-situ production o f  surface-active compounds by Pseudomonas aeruginosa 
did not enhance the biodégradation of hexadecane. In relation to polycyclic aromatic 
hydrocarbons (PAH) contaminants, Deschenes et al. (1996) studied the effect o f 
biosurfactant produced by Pseudomonas aeruginosa UG2 at three concentrations and 
observed no enhanced removal o f 13 EPA priority PAHs in a creosote-contaminated 
soil.
In this study it was found that biosurfactants added to the soil were degraded quite 
rapidly which lead to the conclusion that the lack o f a significant enhancement o f diesel 
bioremediation may have been due to the effectiveness o f the biosurfactant being lost as 
a result o f their biodegradability. This phenomenon has also been observed by several 
other authors (Deschenes et al., 1996; Bregnard et a l, 1998; Riser-Roberts, 1998; 
Margesin and Schinner, 1999; and Vipulananda and Ren, 2000). Bregnard et a l (1998) 
even found that the preferential degradation o f biosurfactants actually inhibited diesel 
biodégradation, an observation not noted in this study.
One o f the major problems associated with the use o f surfactants in bioremediation 
processes is that, on the one hand, surfactants need to be biodegradable in order that they 
do not persist in the environment after the target contaminant is removed, whilst on the 
other hand, like in this study, if the surfactants are too biodegradable their effectiveness 
can be lost or they may be utilized preferentially to the target contaminant thereby 
inhibiting the biodégradation process.
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Results o f this study and other studies indicate that the potential o f using biosurfactants 
to effect enhanced bioremediation may have limited application. However they may find 
applications in areas such as soil washing and enhanced petroleum recovery, for 
example..
4.2.4 Effect o f  organic matter amendment on diesel bioremediation
As mentioned previously, various organic materials including, chopped bermudagrass 
hay, sawdust (Rhykerd et aL, 1999), bark chips (Jorgensen et aL, 2000), poultry litter 
(Williams et al., 1999, and Rahman et al., 2002), coir pith, (Rahman et aL, 2002), 
sewage sludge, compost (Hupe et aL, 1996, and Namkoong et al., 2002), wheat bran 
(Vasudevan and Rajaram, 2001), com-slash (Piehler et al., 1999) and protein 
hydrolysate (Harrison et al., 2000) have been investigated as possible amendments used 
in the bioremediation o f hydrocarbon contaminated soils. Some o f these organics have 
been added as bulking agents to condition soils, whilst others have been added as co- 
substrates and sources o f nutrients, organic carbon and microorganisms. The degree o f 
success o f these amendments has varied considerably and greatly depends on the type 
and concentration o f amendment and also on the type o f hydrocarbon to be degraded.
In this study two organic materials, which to the best o f the authors knowledge have not 
been used previously as amendments for hydrocarbon contaminated soils, were 
investigated for their ability to enhance the bioremediation o f diesel contaminated sandy 
soil. The two organics used were, dried molassed sugar beet pulp (DMSBP) and spent 
brewery grain (SBG).
SBG is a by-product o f beer brewing. Each year large quantities o f the material are 
produced world wide, and in Guinness Ireland approximately 80,000 tonnes o f the 
material is produced annually. Currently the material is used mainly as a low grade 
animal feed ingredient, however, in more recent years research has being carried out on 
its possible use as a substrate from mushroom cultivation (Sánchez and Royse, 2001;
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and Wang et a l , 2001). The physical properties o f SBG, such as particle size, volume 
weight, specific density, porosity, and water-holding capacity, are conducive to its use as
i
a bulking agent. In addition this material is rich in Iignocelluloses, protein, fat, fibre and 
other essential elements such as nitrogen (See Table 3.3 and Appendix 5) which are 
essential for optimum microbial activity. Another advantage of SBG is that it is 
available at low or no cost throughout the year not only from large factories but also 
from a number o f local breweries (Wang et al., 2001).
DMSPB, a by-product from the Irish sugar industry and like SBG, this material is coarse 
in nature and available in large quantities which make it ideal as a bulking agent. 
DMSBP is also high in sugars, which are thought may act as a carbon co-substrate and 
enhance diesel bioremediation. The material is also rich in protein, fibre, and the 22 to 
30 % molasses (Ryan, 2002) in the material is also high in organic acids, vitamins and 
minerals (See Table 3.2 and Appendix 6), all o f which promote microbial growth.
Throughout this study both organic materials were added to the diesel contaminated soil 
at an application rate o f 5% w/w on a dry weight basis, unless otherwise stated. The 
organically amended soil was supplemented with the inorganic nutrients, NH4NO3 and 
KH2P04, and maintained throughout the experimental period as described in Section 
3.8.3. A control containing only inorganic nutrients was included in order to compare 
the effectiveness o f the organic material addition. The microcosm (Figure 3.2) was 
maintained at room temperature throughput the experiment and was manually aerated on 
a weekly basis.
4.2.4.1 Bioremediation o f  DRO in organically amended soils
As can be seen from Figure 4.24, the two amendments significantly (P<0.05) enhanced 
the removal o f DRO in comparison to the control. Degradation o f DRO was affected by 
the type o f  organic material used. However, the general trend of DRO removal in both 
organically amended microcosms followed a similar pattern. A rapid decrease in DRO
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was observed in the early stages o f the experiment, i.e. within 40 days. Following this 
decrease, the residual DRO was degraded at a much slower rate. This pattern o f high 
degradation initially followed by a much slower rate is typical o f first order degradation, 
and is the characteristic pattern found in the literature in relation to petroleum 
bioremediation studies (Rosenberg et a i,  1992; Hupe et a i,  1996; Venosa et a i,  1996; 
Demque et a i,  1997; Harrison et a i,  2000 and Jorgensen et a i,  2000).
A comparison o f the soils amended with the two organic test compounds, showed that 
by the fourteenth day o f the experiment a statistically significant difference (P<0.05) in 
the degradation o f DRO was observed in the presence o f SBG, with a 20% 
enhancement in DRO removal compared to DMSBP. From day fourteen to the end o f 
the experimental period, day 108, SBG continued to have a significantly enhanced 
(P<0.05) effect on the biodégradation o f DRO compared to DMSBP. On the final day 
SBG had enhanced the removal o f DRO by 17% in comparison to DMSBP.
Time (days)
Figure 4.24. Degradation patterns of DRO in diesel contaminated soil amended with DMSBP 
and SBG compared to a control. All soils were also amended with inorganic nutrients. Error bars 
represent ± 1 standard deviation (n = 4).
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The initial concentration o f DROs in the freshly contaminated soils was 45,345, 43,286, 
48,756 mg/kg (dry weight basis) for the control, DMSBP and SBG amended soils, 
respectively. After 108 days o f incubation, DRO concentrations were reduced to 26,754 
mg/kg, 12,360 mg/kg and 5,363 mg/kg for the control, DMSBP and SBG amended soils, 
respectively. These represented a 41, 72 and 89% degradation o f DRO over the test 
period, respectively. At the end o f the 108 day test period DMSBP and SBG had 
enhanced the overall removal o f  diesel by 31 and 47 % compared to the control which 
had received inorganic nutrients only. This indicated that the addition of either DMSBP 
or SBG significantly enhanced the removal o f  diesel from the sandy soil.
As shown previously, abiotic processes can contribute to the overall removal o f diesel 
from soil. Abiotic processes result in the lower molecular weight, highly volatile 
compounds being removed first followed by the less volatile compounds. It is possible 
that such processes may have contributed to some o f the DRO removal in this 
experiment. However, examination o f the chromatographic fingerprints (Figure 4.26- 
4.28) illustrated that in the early stages o f  the experiment not only the low molecular 
weight, highly volatile compounds were removed but also the higher molecular weight, 
less volatile compound were removed. This demonstrated that bioremediation o f the 
diesel is the more dominant o f the processes and it was therefore concluded that the 
contribution o f abiotic process towards the removal o f  diesel under these conditions was 
insignificant.
The two standard kinetic models, zero and first order, were considered for the purpose o f 
evaluating the removal o f the different fractions o f the diesel. Graphical evaluation using 
both models is presented in Figure 4.25. The UCM from SBG amended soil was used to 
represent degradation patterns from experiments because similar patterns were observed 
in all experiments for the different diesel fractions. As can be seen in Figure 4.25 the 
regression analysis o f the data shows that the first order model describes the data best.
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The correlation coefficients o f both models are presented in Table 4.6. Both models had 
high correlation (Clark, 1994) with first order degradation having higher correlation 
coefficients than the zero order model. Therefore, the first order kinetic model was used 
to discuss the degradation o f the different fractions o f diesel.
Time (days)
Figure 4.25. Curve fits based on zero and first order models for the UCM in SBG amended 
diesel contaminated soil. Error bars represent ± 1 standard deviation (n -  4).
The results obtained, applying first order degradation rate constants, showed that 
DMSBP (k= 0.011/day) was almost three times more effective at removing DRO than 
the control (k -  0.004/day), while SBG (k= 0.018/day) was approximately 4.5 times 
more efficient. These increases in degradation rates reduced the half life o f DRO from 
173 days in the control to 63 and 38.5 days for DMSBP and SBG, respectively.
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Table 4.6. Estimation of removal and degradation kinetic parameters based on the zero order 
and first order kinetic models, in diesel contaminated soil amended and unamended with organic 
SBG and DMSBP.
Amendments Diesel fraction Zero order First order
yc kd rc !4 life
DROa 0.94 0.004 0.96 173
n-alkanesb 0.91 0.011 0.91 40
Nutrient only UCM 0.93 0.004 0.94 173
Pristane 0.94 0.001 0.95 533
DRO 0.81 0.011 0.94 63
Nutrient + n -alkanes 0.99 0.067 0.93 8.5
DMSBP UCM 0.89 0.008 0.95 86.6
Pristane 0.88 0.015 0.95 49.5
DRO 0.78 0.018 0.95 38.5
Nutrient + «-alkanes 0.98 0.120 0.90 5.13
SBG UCM 0.90 0.016 0.98 43.3
Pristane 0.78 0.035 0.96 19.8
a) Total area resolved from n-C9 to n-C25.
b) Sum of individual n-alkane ranging from n-C9 to n-C25.
c) r ~ correlation coefficient.
d) k = the first order kinetic constant.
These results for the degradation o f DRO are comparable to, if  not better, than those 
reported in the literature. In a study by Jorgensen et al. (2000), the total amount o f diesel 
in bark chip amended soils decreased by 71% from 700 to 200 mg(kg dry w )'1 over a 
150 day period. Namkoong et al. (2002) reported that the addition o f two organic 
materials, sewage sludge and compost, enhanced the removal o f diesel from a sandy 
loam soil almost three times that o f the unamended soil, with TPH first order 
degradation rate constants increasing from 0.037/day in unamended soil to 0 .124/day 
after organic amendment. They found that the effectiveness o f the amendments was 
dependant on the ratio o f organic material to soil and that increasing the organic
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concentration did not necessarily increase the rate o f hydrocarbon degradation. The first 
order degradation rates in the report by Namkoong et a i  (2002) were significantly 
higher than those reported here, but upon examination o f  the experimental procedures, 
the types o f soils used were different to those in this study, and the ratio o f amendment 
was much higher (10 to 50% amendment as wet weight basis compared to the 5% dry 
used in this study). Also, Namkoong et a i  (2002) started with an initial diesel 
concentration o f 10,000mg/kg compared to an initial diesel concentration o f 
approximately 50,000mg/kg used in this study. So, proportionally the amount o f diesel 
removal was significantly higher in this study due to the elevated initial concentration. 
Furthermore, the application rate o f the organic amendments was significantly lower in 
this study which would be advantageous in cutting overall cost.
Other authors to report enhanced degradation o f hydrocarbons in the presence o f organic 
amendments include, Hupe et a i  (1996) who reported that the amendment o f a sandy 
loam with organic kitchen and garden waste increased the removal o f lubricating oil by 
40% over a 162 day test period. Harrison et a i  (2000) reported that the amount o f diesel 
removed from a sandy gley soil was 21% greater with the addition o f protein 
hydrolysate, when compared to an inorganic nutrient amended control. Whilst Rhykerd 
et a i  (1999) reported that over a 210 day experiment the addition o f two organics, hay 
and sawdust, enhanced bioremediation o f an oil contaminated sandy soil from 77 % in 
inorganic nutrient amended to 90% in the organically amended soil.
The results o f this investigation into the effect o f different organic material amendments 
on remediation of diesel contaminated soil showed that they acted to enhance 
degradation o f diesel components compared to controls. This suggests that the organic 
material tested did not act as a competing energy source for the degrading 
microorganisms. This is in contrast to other authors who reported that certain organic 
materials were preferentially degraded over the target compounds (Thomas et a i  1992, 
LaGrega et a i y 1994, and Cookson, 1995).
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Visual examination of the gas chromatographic fingerprints o f the DRO at different time 
periods, clearly demonstrated that the two organic materials had a significant affect on 
the degradation o f diesel compared to the control (See Figures 4.26 to 4.28). It can be 
seen that the pattern o f eluted peaks changed significantly with time, with the 
disappearance o f the large resolvable peaks, leaving behind the unresolvable fraction 
referred to as the “hump” or UCM. Quantitative analysis o f different fractions within the 
diesel samples was carried out and their trends in the different treatments are discussed 
below.
4.2.4.2 Bioremediation o f  n-alkane in organically amended soils
The removal o f w-alkanes in the diesel contaminated soils amended with the DMSBP 
and SBG are presented in Figure 4.29. The results show that in the two organic amended 
soils, «-alkanes were degraded more rapidly than DRO (Figure 4.24). The w-alkanes in 
the DMSBP amended soil were totally degraded after 70 days o f the experiment, while 
the presence o f SBG significantly (P<0.05) decreased this time, with the «-alkanes being 
completely degraded in less than 40 days. The first order degradation rate constant for 
total /f-alkanes was significantly greater than those for DRO regardless o f the type of 
amendment applied (see Table 4.6). This signifies that w-alkanes are preferentially 
degraded compared to other compounds in DRO, a phenomenon reported by numerous 
authors (Frankenberger et al.f 1991; Thomas et al.y 1992; Huesemann 1994; Marquez- 
Rocha et al.t 2001 and Namkoong et a l , 2002).
A plot o f the first order degradation rate constants o f «-alkanes against the first order 
degradation rate constants o f DRO is shown in Figure 4.30. Linear regression analysis 
indicated that there was a significant correlation between the two (r = 0.9997), with the 
degradation rate o f «-alkanes being approximately six times greater than that o f DRO. 
The only other quantitative data, available in the literature, on the preferential 
degradation o f w-alkanes was in a report by Namkoong et al. (2002). They found that in
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a diesel contaminated sandy loam, the degradation rate of w-alkanes, ranging from w-Cio- 
n-C20, was about twice that of TPH. These results suggest that the indigenous microbial 
population in the sandy soil used in this study had a greater preference towards n- 
alkanes than the indigenous population in the sandy loam soil used by Namkoong et al. 
(2002).
The two organic amendments used in this study significantly decreased the half life of n- 
alkanes compared to the control. In the soil amended with DMSBP the half life of n- 
alkanes was reduced from 40 days in the control to 8.5 days in the amended soil. The 
amendment of the diesel contaminated soil with SBG reduced this time significantly 
more to a value of 5.13 days (Table 4.6). These results indicate that addition of the two 
organic materials significantly enhanced the removal of w-alkanes with SBG being 
considerably better than DMSBP.
This preferential degradation of the w-alkanes is the main reason for the DRO 
degradation pattern of rapid decrease in the initial phases followed by a slower 
degradation rate. The initial swift degradation of DRO is due essentially to the rapid 
degradation of these readily biodegradable n-alkanes, and once these are removed the 
degradation rate decreases as the remaining compounds are more recalcitrant to 
microbial degradation.
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Figure 4.26. Chromatographic fingerprints of THEM from diesel contaminated soil amended with
inorganic nutrients. (A) Day 0; (B) Day 11; (C) Day 25; (D) Day 53; (E) Day 105.
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Figure 4.27. Chromatographic fingerprints of THEM from diesel contaminated soil amended with dried
molassed sugar beet pulp and inorganic nutrients. (A) Day 0; (B) Day 11; (C) Day 25; (D) Day 53; (E)
Day 105.
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Figure 4.28. Chromatographic fingerprints of THEM from diesel contaminated soil amended with spent
brewery grain and inorganic nutrients. (A) Day 0; (B) Day 11; (C) Day 25; (D) Day 53; (E) Day 105.
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Figure 4.29. Degradation patterns o f total w-alkanes in diesel contaminated soil 
amended with DMSBP and SBG compared to a control. All soils were also amended 
with inorganic nutrients. Error bars represent ± 1 standard deviation (n = 4).
The 1st order degradation ra te s  for DRO ( /day)
Figure 4.30, Relationship between the first order degradation rate constants of DRO and n- 
alkanes in diesel contaminated soil amended with DMSPB, SBG and inorganic nutrients.
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4.2.4.3 Bioremediation o f  pris ta ne in organically amended soil
Two compounds which are commonly identified in partially biologically weathered 
petroleum products are pristane and phytane. These two compounds are isoprenoid 
alkanes which are probably derived from the thermal degradation o f tocopherols and/or 
from the catagenic decomposition o f  methlytrimethyltridecylchromans (Bregnard et al., 
1997). The biodégradation o f  pristane is o f particular interest as up until quite recently 
this compound was thought to be nonbiodegradable and was used as an inert biomarker 
in oil degradation studies (Pritchard and Costa, 1991; and Atlas and Bartha 1992). Ratios 
o f /i-Ciji/phytane and //-Cn/pristane have traditionally been used, and in some cases are 
still being used, as weathering indicators o f biodégradation (Butler et al., 1991; and 
Santas et al., 1999),
The removal rate of pristane in the organically amended diesel contaminated soil is 
presented in Figure 4.31. The graph illustrates that in the control there was no significant 
removal o f pristane over the sampling period o f 108 days. In comparison, it can be seen 
that in the soil which received organic treatment, pristane was degraded quite rapidly by 
the indigenous population.
In soils amended with SBG amendment, a lag phase o f 7 days was observed before 
pristane degradation began, after which it was degraded quite rapidly. By day 69 o f  the 
experiment more than 90% o f the pristane was removed and by the end o f the 
experiment, day 108, 98% o f the pristane was removed in the SBG amended system.
DMSBP amended soils did remove pristane but was not as effective as SBG. A longer 
lag phase o f 28 days was observed and significantly less pristane (P<0.05) was removed 
by the end o f  the experimental period, 64% removal compared the 98% in the SBG 
amended soil. Comparison o f  first order degradation rate constants (see Table 4.6) 
showed that the application o f  DMSBP and SBG caused a 15 and 36 fold increase, 
respectively, in the rate o f pristane degradation compared to the control. The half life o f
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pristane was reduced from 533 days in the control to 49.5 and 19.8 for DMSBP and 
SBG amended soils.
Time (days)
Figure 4.31. Degradation patterns of pristane in diesel contaminated soil amended with 
DMSPB, SBG and inorganic nutrients. Error bars represent ± 1 standard deviation (n = 4).
These results for pristane degradation rates are considerably higher than previously 
reported in the literature. Bregnard et a l (1996) carried out a study on partially 
weathered diesel contaminated soil in which all the «-alkanes had been removed and 
consisted o f  isoprenoid alkanes and a UCM. They found that even after addition o f  
nutrients and incubation for 440 days, traces o f  pristane and phytane still remained. 
Brown et a l (1998) discovered that after 110 days o f  degradation o f  weathered 
petroleum compounds amended with organic material (wood products) the isoprenoids 
pristane and phytane had nearly disappeared but were still detectable.
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Venosa et a l  (1996) reported that the first order degradation rates for pristane in an 
unamended diesel contaminated sandy soil was approximately 0.01/day and was 
increased to 0.02/day through the addition o f nutrients. The first order degradation rate 
constant o f pristane in the SBG experiment (k=0.036/day) was significantly higher 
compared to the results of Venosa et a l  (1996), which means that the addition o f SBG 
was very effective at enhancing the bioremediation o f pristane in a diesel contaminated 
soil.
As mentioned earlier, up until recently and even today the ratios of pristane to tf-alkanes 
is used as an indicator o f biodégradation effectiveness (Seklemova et a l , 2001). 
However, more recently, Atlas and Cernigila (1995) reported during the Exxon Valdez 
oil spill, pristane and phytane were found to be degraded quite rapidly and could only be 
used as an internal marker for a few weeks to months. This study demonstrated that 
pristane can no longer be regarded as a recalcitrant biomarker and that its ratio to n- 
alkanes can only be used as a biodégradation weathering indicator in the very early 
stages o f a process, as later readings may substantially underestimate the extent of 
biodégradation. Other authors to confirm that pristane and phytane are inadequate 
biomarkers when conditions favour bioremediation are. Ko and Lebeault (1999) who 
reported that a pure bacterial strain, Rhodococcus equi P 1, was capable o f degrading 10 
g/L pristane within 24 hours incubation in liquid culture at 35°C. Bej et a l  (2000) also 
found that a Rhodococcus species isolated from the Antarctica was able to utilize 
pristane quite readily.
Even in anaerobic systems, care should be taken in using «-alkane:pristane ratios as 
Bregnard et a l  (1997) demonstrated that, in a liquid system, within 102 days, more than 
90% of added pristane was degraded by enrichment cultures under anaerobic conditions.
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Most research on the degradation of diesel and other petroleum products has 
concentrated on those compounds that are resolvable by high performance liquid 
chromatography and gas chromatography, even though the unresolved complex mixture 
(UCM) clearly dominates gas chromatographs of weathered petroleum (Gough and 
Rowland, 1990; Killops and Al-Juboori, 1990; and Rowland et a l , 2001). In fact, as a 
group, UCM are more abundant than the resolved hydrocarbons, even in unweathered 
oils, though this is seldom realized due to normalization o f most chromatographs on the 
resolved peaks (Revill et a l , 1992).
Should clean up goals be defined in terms of concentration or even percentage removal 
o f contamination, removal o f the UCM may be critical to achieving desired clean up 
objectives (McGowan, 1999). Also the removal o fU C M  from soil or water systems is 
important, as a number o f components o f UCMs have been reported to have toxic 
effects. Rowland et a l (2001) demonstrated that the monoaromatic components o f a 
UCM o f hydrocarbons from a crude oil elicit a sub-lethal toxic response in a typical 
marine pollution indicator organism (the mussel, Mytilus edulis). Ehrhardt and Petrick 
(1984) and Ehrhardt and Bums (1990) reported that the oxidation o f the aromatic 
components of UCM increased their toxicity with the formation of carboxylic acids, 
aromatic ketones and alcohols. The aliphatic UCM hydrocarbons had no toxic effect on 
the feeding rates o f mussels, whilst oxidation resulted in an increase in toxicity (Thomas 
et a l, 1995).
In this study the UCM made up 65% of the fresh diesel sample. During the 
bioremediation experiments the concentration o f UCM decreased with time. The trend 
of UCM removal in relation to time is presented in Figure 4.32. The results show that 
the two organic amendments significantly increased the removal ofU C M  compared to 
the control. By day 14 both the organically treated soils had statistically significantly 
enhanced the removal o fU C M  (P<0.05). This enhancement continued until the end o f
4.2.4.4 Bioremediation ofUCM  in organically amended soil
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the experimental period by which time DMSBP and SBG had enhanced UCM removal 
from 29% in the control to 72% and 82%, respectively. This represented an increase in 
UCM removal o f 43 and 53% for DMSBP and SBG amended soils, respectively, 
compared to the control.
First order kinetics modeled the degradation pattern of UCM with high correlation, i.e. 
r = 0.95 to 0.98 (See Table 4.6). Calculation o f first order degradation rate constant, 
indicated that DMSBP doubled (k= 0.008/day) the rate o f UCM removal compared to 
the control (k = 0.004/day), while SBG (k= 0.016/day) increased the rate o f removal by 
a factor o f four. The half life o f UCM was decreased dramatically from 173 days in the 
control to 86.6 and 43.3 days in DMSBP and SBG amended soil, respectively. These 
results indicate that the amendment of diesel contaminated soil with either DMSPB or 
SBG significantly enhanced the bioremediation o f the UCM of diesel. O f the two 
organics, SBG significantly (P<0.05) enhanced the removal o f the UCM compared to 
DMSBP.
The proportion o f DRO occupied by the UCM changed extensively throughout the 
experimental period. As the treatments progressed the UCM became more pronounced. 
On day zero the UCM occupied 65% of the DROs, but by the end of the experiment, day 
108, the proportion occupied by UCM had increased to 99 % in the SBG amended 
system, and to 88% in the DMSBP system. These results show that at the end o f the 
experiment the UCM made up the majority o f the DRO in the organically treated soils, 
indicating that in a diesel sample the most recalcitrant fraction are the components 
within the UCM. This is in agreement with the general consensus which is that the UCM 
is a mixture of many structurally complex isomers and homologues of branched and 
cyclic hydrocarbons (Eglinton et a l , 1975; Sanders and Tibbetts, 1987; and Thomas et 
a l, 1995) which are relatively inert to microbial degradation (Gough et a l, 1992).
In relation to the degradation of the UCM, very little work has been carried out 
previously. One study by Gough et a l  (1992) reported that in a liquid culture 17 % of 
the UCM from commercially available lubricating oil was degraded by Pseudomonas
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fluorescem  after 25 days. McGowan (1999) reported that in a marine spill, the first order 
degradation rate o f UCM in a weathered crude oil increased by 1.33 fold from 0.0021 to 
0.0028/day when supplemented with nutrients. Comparison of these degradation rates to 
those found in this study suggests that addition o f the organic materials DMSPB and 
SBG, would be very effective for the degradation o f UCM.
Time (days)
Figure 4.32. Degradation pattern o f the UCM in diesel contaminated soil amended with 
DMSBP, SBG and inorganic nutrients. Error bars represent ± 1 standard deviation (n = 
4).
4.2.4* 5 Microbiological patterns in organically amended soils
The enhanced removal o f the diesel in the different treatments corresponded with 
increases in all the microbiological parameters measured, and the increase in numbers 
appeared to mirror closely the removal o f diesel from the systems, with a rapid increase 
in the numbers during the first 7 days o f  the experiment. Figure 4.33 illustrates the effect
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the two organic materials had on the total number o f microorganisms present in the soil. 
The addition of DMSPB increased the total numbers o f microorganisms from 1.6xl05 
CFU/g soil (dry weight basis) to 3.5xl09 after 7 days, after which the total number o f 
microorganisms remained fairly constant for the duration o f the experiment ranging 
from 7.6xl08 to 4.2xl09 CFU/g soil (dry weight basis). A similar pattern was observed 
in the soil which had been amended with the SBG, a rapid increase occurred over the 
first 7 days from 1.3xl05 to 4.0xl09 CFU/g soil (dry weight basis), and again after this 
initial increase the numbers remained constant through out the experiment. As can be 
seen from the results, the numbers o f total bacteria in the control test were statistically 
significantly lower (P<0.05) than in the organically amended soils. At each sampling 
point except for the final day the total mesophilic bacteria in the control system were 
approximately 100 fold less than those in the organically treated soil. On day 108 the 
total number o f bacteria in the DMSBP had dropped to below the control. This result 
demonstrates that addition of either DMSBP or SBG significantly enhanced (P<0.05) the 
numbers o f microorganisms in the diesel contaminated soil. It is hypothesised that this 
increase in microbial numbers is the main reason for the enhanced bioremediation o f the 
diesel.
This increase in numbers o f microorganisms following the application o f the two 
organics was not as a result o f the introduction o f microorganisms present in the organic 
material itself, but was due to enhancement o f the indigenous soil population. This was 
confirmed through microbial analysis o f the two organic substrates prior to addition. 
Analysis o f the two organic materials prior to their use as amendments showed that they 
contained very low numbers o f microorganisms. The DMSPB contained an average o f 
21 CFU/g (dry weight basis), while SBG contained an average o f 11 CFU/ g (dry weight 
basis). The reason for such low numbers in both organic materials is that prior to 
application both materials had been oven dried at 100°C for 24 hours which would have 
killed off most microorganisms.
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Figure 4.33. Pattern of total mesophilic bacteria in diesel contaminated soil amended with 
DMSPB, SBG and inorganic nutrients compared to the control. Error bars represent ± 1 standard 
deviation (n = 4).
Even though the proportion of hydrocarbon degrading microorganisms present was not 
known, the results showed that by stimulating the growth of the overall microbial 
population, the numbers o f hydrocarbon degrading microorganisms increased 
concomitantly. Hydrocarbon degrading microbes are capable o f using a wide range o f 
substrates, and are not reliant on hydrocarbons as a sole source o f carbon and energy. It 
is believed that the organic amendments acted as an easily metabolisable alternative 
carbon and energy source for the hydrocarbon degrading microorganisms to use whilst 
degrading the diesel components by co-metabolism. This phenomenon has also been 
demonstrated by other authors using different organic materials. Harrison et a l  (2000) 
found that in a diesel contaminated soil the application o f  protein hydrolysate, an easily 
metabolisable carbon source, increased the number o f total heterotrophic 
microorganisms, which in turn significantly enhanced diesel removal. Guzev et a l
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(1997) established that the biodégradation of diesel in soil can be controlled by easily 
metabolisable carbohydrates and that the introduction o f glucose in an amount of up to
1 mg/kg augmented the population o f hydrocarbon-utilizing microorganisms about ten­
fold and enhanced the rate o f diesel degradation threefold. The same authors reported 
that the amount o f these easily metabolisable carbons added to contaminated soil must 
be carefully monitored as large amounts may lead to the so-called “substrate- 
accelerated” death. Also, as mentioned earlier the carbon source in the amendment 
materials must not present a preferential carbon source that pre-empts degradation o f the 
target contaminant (LaGrega et a l t 1994).
Linked to the information about changes in microbial numbers, data was obtained about 
changes in microbial activity as measured by O2 consumption. The addition of both 
organic substrates significantly increased the amount of oxygen consumed by the 
indigenous microbial populations. Respirometery was used as a means o f monitoring O2 
consumption by microbial populations in soils undergoing various treatments. The 
oxygen uptake by the indigenous microorganisms in the presence o f DMSBP + 
nutrients, DMSBP + nutrients + diesel, and the control which contained diesel + 
nutrients gave cumulative values o f 29,100 ± 2,530, 36,100 ± 3,252 and 4,111 ± 354 mg
0 2 consumed per kg of soil, respectively, after 23 days incubation at room temperature 
(see Figure 4.34). A significant difference (P<0.05) between DMSBP amended and 
unamended soils was first detectable after 12 hours, thereafter, the oxygen consumption 
curves diverted further until the end of the experiment. After 23 days the amount o f 
oxygen consumed in the soils amended with DMSBP was approximately 9 times higher 
than in the control with no DMSBP. These results confirm that the addition of DMSBP 
to the diesel contaminated soil significantly enhanced the numbers and activity o f the 
indigenous microbial population. The only other reports on the use o f molasses (a 
component o f DMSBP) in hydrocarbon bioremediation processes are those by Al- 
Hadhrami et al. (1996 and 1997). These authors investigated the effect o f cane molasses, 
which is very similar in composition to beet molasses, addition on the biodégradation o f 
«-alkanes by Pseudomonas aeruginosa. In a liquid medium they found that molasses
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addition stimulated rapid respiration, which was accompanied by substantial w-alkane 
breakdown. After 16 hours they reported that molasses addition had increased the 
oxidation rates o f Pseudomonas aeruginosa by a factor o f seven in comparison to the 
control.
In relation to the soil respiration in the SBG amended soils, the results were very similar 
to those obtained for the DMSBP amended soil. High cumulative oxygen uptake 
occurred in the SBG amended soil when compared to the soil deficient o f SBG. At the 
end o f the 23 day experimental period, SBG caused an approximate eight fold increase 
in O2 consumption (see Figure 4.35), resulting in the uptake o f 31,660 ± 1,005 mg 02/kg 
soil compared to 4,111 ± 354 mg 02/kg soil in the control. These results imply addition 
o f SBG not only enhanced the number o f bacteria in a diesel contaminated soil but also 
stimulated microbial activity. As similar studies were not found in the literature in 
relation to SBG amendments o f hydrocarbon contaminated soils, no comparisons could 
be made.
Time (days)
Figure 4.34. Cumulative oxygen uptake in diesel contaminated soil amended with 
DMSBP, compared to a control. Error bars represent ± 1 standard deviation (n = 3)
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Figure 4.35. Cumulative oxygen uptake in diesel contaminated soil amended with SBG 
compared to a control. Error bars represent ± 1 standard deviation (n = 3).
It is well known that oil contamination causes significant changes in microbial 
populations and activity. Many authors have observed an increase in the total numbers 
o f soil microorganisms with time, during biological decontamination, correlating with 
biodégradation and biological activities (Song et a l, 1990; and Margesin et a l, 2000b) 
In this study it was observed that the number o f microorganisms increased to similar 
levels in both the DMSBP and SBG amended systems. The O2 consumption was also 
very similar in both types o f  treatment, but in relation to diesel removal there was 
significantly more diesel biodégradation in the SBG amended system, suggesting that 
the changes in microbial numbers and respirometery activity are indicative o f a 
stimulated biodégradation process, but do not represent an accurate measurement o f the 
actual biodégradation. Similar observations were made by Van Der Waarde et a l  (1995) 
and Margesin et a l  (2000a), who found that changes in bacterial numbers are indicative 
o f a stimulated bioremediation process, but do not represent an accurate measurement o f 
the actual biodégradation.
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The activity o f viable soil microorganisms alone gives no information about the efficacy 
of the populations, and it is well known that only a small proportion of soil 
microorganisms can be isolated and cultivated on laboratory media. While the 
quantification o f soil biological activities, e.g. soil respiration, are often used to interpret 
the intensity o f microbial metabolism in soil (Schinner et a l,  1996; and Margesin et a l , 
2000a), care should also be taken in interpretating results, because as was shown here, 
increased O2 consumption does not necessarily mean increased degradation of the target 
compound. In conclusion, soil biological methods should not be used on their own, but 
should be used to complement chemical methods when evaluating and assessing the 
success of decontamination methods.
At the end of the experimental period the DROs in the two organically amended soil 
systems were still quite high, 12,360 mg/kg and 5,363 mg/kg in DMSBP and SBG 
amended soils, respectively, and therefore would not meet the legislative cleanup 
requirements of many countries (Section 2.5). However, these DRO residual levels may 
be acceptable in Ireland as Irish legislation has set no numerical cleanup requirement for 
petroleum contaminated sites and state that the cleanup level required is land use 
specific. However, before this soil could be released to the environment, toxicity testing 
would be necessary in order to establish if the residual hydrocarbons are toxic.
There are a number o f reasons why the DRO levels remained high at the end o f this 
experiment. Firstly, the initial starting concentration o f 50,000mg/L is extremely high 
and would rarely be experienced in real samples. A review o f the literature showed that 
the majority o f real samples have hydrocarbon concentrations ranging from 500 to 
18,000 mg/kg THP (Troy et a l, 1992; Demque et a l , 1997; Berry and Burton, 1997; and 
Zytner et a l, 2001). Also, the time scale o f  this experiment, 108 days, was quite short 
and due to the fact that the DRO was still being degraded at the end of the experiment, 
extending the incubation period may lower the hydrocarbon concentration further.
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4.2.5 Effect o f forced aeration on diesel bioremediation in SBG amended soil
A study was conducted to determine if changing the method of aeration from manual 
aeration to forced aeration would further stimulate the biodégradation process. As low 
O2 content has been shown to limit the bioremediation o f soils contaminated with 
petroleum hydrocarbons (von Wedel et al., 1988) it was postulated that forced aeration 
would keep a more constant and higher concentration o f O2 in the contaminated soil 
compared to the manual aeration. Forced aeration has also been shown to decrease the 
amount of space required for treatment of contaminated soil compared to windrows 
which are manually aerated (Tiquia and Tam, 2002). The forced aeration experiment 
focused exclusively on the use of SBG as the organic supplement as previous studies 
indicated SBG significantly enhanced diesel removal compared to other treatments.
DRO removal from soil is shown in Figure 4.36 and it can be seen that the method of 
aeration influences the rate o f DRO removal. At all times DRO removal was higher in 
the force aerated system by comparison to the manually aerated system. By the end o f 
the experimental period o f 65 days, the DRO removal in the forced aeration system was 
approximately 92%. This represents a 15% greater removal than in the manually aerated 
system. This increase in DRO removal is more than likely due a higher supply o f oxygen 
in the forced aerated system. In the forced aerated system an air pump constantly 
supplies oxygen to the soil every 15 minutes, while in the manually aerated system 
oxygen is only replenished every week, when the sample is manually turned.
The rate of total w-alkane degradation was also enhanced by the forced aeration (see 
Figure 4.37). By the fourteenth day a statistically significant difference (P<0.05) 
appeared between the two aeration systems. After 20 days, all the n-alkanes had 
disappeared in the force aerated system, compared to requiring 30 days in the manually 
aerated system. Pristane degradation was also significantly enhanced (Figure 4.38). By 
day 45 almost all the pristane was removed (>98%) in the system undergoing forced 
aeration. It took 108 days in the manually aerated system to reach the same degree of 
pristane removal.
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Time (days)
Figure 4.36. Comparison o f  the effects o f forced and manual aeration on DRO removal in 
SBG amended soil. Error bars represent ± 1 standard deviation (n = 4).
Time (days)
Figure 4.37. Comparison o f the effects o f forced and manual aeration on the degradation of 
total n-alkanes from a diesel contaminated soil amended with SBG. Error bars represent ± 1 
standard deviation (n = 4).
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Figure 4.38. Comparison o f the effects o f forced and manual aeration on the degradation of 
pristane from a diesel contaminated soil amended with SBG. Error bars represent ± 1 standard 
deviation (n = 4).
The rate o f  the UCM fraction removal was again found to be significantly (p<0.05) 
higher in the forced aeration system compared to the manually aerated system (Figure 
4.39). At the end o f  the experimental period, the forced aerated system had achieved 
23% more UCM removal that the manually aerated system. On day 65 the soil receiving 
the forced aeration had only 22% o f  the original concentration o f  UCM remaining 
compared to 45% remaining in the manually aerated sample.
A look at the gas chromatographic fingerprints (Figure 4.40) from the final sampling day 
showed that in the force aerated system the UCM is much smaller and confined to the 
narrower region o f  the chromatograph (between 17 and 27.5 minutes), while in the 
manually aerated system the UCM is larger and occupied a greater extent o f  the 
chromatograph (12.5 to 27.5 minutes). These results would suggest that under optimum 
bioremediation conditions the lower molecular weight compounds within the UCM o f  
diesel are more degradable that the higher molecular weight compounds.
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Figure 4.39. Comparison o f the effects o f forced and manual aeration on the degradation of 
the UCM fraction from a diesel contaminated soil amended with SBG. Error bars represent ± 1 
standard deviation (n = 4).
Other authors who have investigated the effects o f  forced aeration on the bioremediation 
processes have reported similar findings. Battaglia and Morgan (1994) found that the 
biodégradation o f  hydrocarbon contaminated material by indigenous microorganisms 
was stimulated through forced aeration. It is not only the bioremediation o f  hydrocarbon 
contaminated soil that is enhanced through forced aeration. Boopathy (2000) enhanced 
the bioremediation o f  explosive contaminated soils containing, 2,4,6-trinitrotoluene 
(TNT); trinitrobenzene (TNB); 2,4-dinitrotoluene (2,4-DNT); hexahydro-1,3,5-trinitro- 
1,3,5-triazine (RDX); and octahydro-ls3,5,7-tetranitro-l,3,5,7-tetraazocine (HMX), 
through forced aeration.
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Figure 4.40. Chromatographic fingerprints o f residue diesel from SBG amended soil 
which had received manual and forced aeration. Chromatographs represent residual 
diesel in SBG amended soil after 65 days treatment in (A) manually aerated, (B) forced 
aeration systems. Int 1 = internal standard 1-phenylhexane. Int 2 = internal standard 1- 
phenyltridecane. Sg 1 = surrogate standard naphthalene. UCM = unresolved complex 
mixture.
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4.2.6 Possible reasons fo r enhanced bioremediation through organic amendment
All the results obtained in this section, in relation to amending diesel contaminated soil 
with DMSBP and SBG, suggest that both are very effective at stimulating the growth o f 
indigenous microbial populations and increasing the rate and extent o f diesel 
biodégradation.
In the literature numerous explanations have been put forward as to why the addition o f 
inexpensive organic amendments, such as the two used in this study, to hydrocarbon 
contaminated soils may have beneficial effects on the bioremediation process. A number 
o f authors have shown that organic amendments can be used for soil moisture control 
(Atlas, 1977; Homick, 1983; and Huesemann, 1994). In soils with poor moisture 
retention capacities, organic matter can increase water holding capacity by swelling 
when wet to absorb two to three times its weight in water, and in saturated soils organic 
material can provide for better drainage. The two organics used in this study increased 
the water holding capacity o f the sandy soil. As the concentration o f both organics in 
the soil was increased the WHC o f  the soil increased (Figure 4.41). At a concentration o f 
20 % w/w (dry weight basis) DMSBP increased the WHC o f the sandy soil from 36.6% 
to 54 %, while SBG increased it further to 71%. At the application rate used through out 
this study (i.e. 5% w/w dry weight basis) SBG and DMSBP increased the WHC from 
36.50% to 41.27 and 39.95%, respectively.
Figure 4.41. Effect of organic amendment on the water holding capacity of the soil. Error bars 
represent ± 1 std (n = 4).
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However, this does not seem to be the main reason for the enhanced diesel removal 
observed, as an experiment carried out on the water extractable material from SBG 
showed that the extracted material from SBG alone stimulated the rate o f  diesel 
biodégradation to the same extent as the SBG. The SBG was soaked in boiling water for 
6 hours, in order to extract compounds such as proteins, minerals and vitamins, and then 
the extracted material was added to the diesel contaminated soil at a rate equivalent to 
5% SBG. The results presented in Figure 4.42 show that the extract had a similar effect 
on the removal o f DRO and total n-alkanes, when compared to the original SBG. These 
results suggest that it is not the physical presence o f SBG that stimulates diesel 
degradation, but the high protein, fat, mineral and carbon content that are responsible for 
the enhanced effect on diesel degradation. A similar experiment was not carried out 
using DMSBP extract, but other authors who studied the effect o f molasses on 
hydrocarbon degradation reported that the high mineral and vitamin content o f molasses 
was partially responsible for the enhanced effect on n-alkane degradation (Al-Hadhrami 
e t a l , 1996 and 1997).
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Figure 4.42. Comparison of diesel removal from soil amended with SBG and the water 
extractable material from SBG. Error bars represent ± 1 standard deviation (n = 4).
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These additional carbon and energy sources may have stimulated the metabolism o f 
diesel through cometabolism (Alexander, 1981). Alternatively they may have simply 
induced and supported the growth of a higher population of diverse microbes which, on 
exhaustion o f the preferred added substrate, may have mineralized the diesel as a 
secondary carbon/energy source, a mechanism referred to as analog enrichment or cross- 
acclimation (Colleran, 1997).
A further possible reason for the improved diesel transformation may be due to the 
organic material enhancing the growth of associated microorganisms involved in the 
overall indigenous microbial population, as synergistic microbial interactions have been 
reported to be of particular importance in aerobic and anaerobic environments (Colleran, 
1997)
4.2.7 Anaerobic bioremediation o f  diesel
Aerobic conditions are considered necessary for optimal rates of bioremediation of soils 
contaminated with petroleum hydrocarbons (Rhykerd et a i , 1999). However, Bregnard 
et a i  (1996) suggested that diesel degradation may occur under anaerobic conditions. 
This prompted an experiment to investigate the anaerobic degradation o f diesel in this 
sandy soil and to establish if SBG amendment would stimulate the anaerobic 
degradation process.
Anaerobic biodégradation o f diesel contaminated sandy soil, with and without SBG 
treatment, was examined by placing the soil microcosms in anaerobic jars and 
comparing the results to that of a similar microcosm left exposed to the atmosphere, i.e. 
the aerobic system was left static and received no aeration. All microcosms were 
amended with nutrients (KH2PO4 and NH4NO3) and incubation was carried out at room 
temperature.
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After 140 days o f incubation there was little removal o f DRO in either the SBG 
amended or unamended anaerobic systems. In the anaerobic microcosm that had 
received nutrients only, an average o f 12% of DRO was removed, consisting o f 14% 
removal o f the total n-alkanes and 3% removal o f the UCM fraction (Figure 4.43b). In 
the anaerobic system that had been amended with SBG, 9% DRO, 12% of the w-alkanes 
and 4 % of the UCM had been removed in a similar time scale, indicating that the SBG 
amendment did not stimulate the anaerobic degradation process. In comparison, in the 
aerobic microcosm 39% removal o f the DRO, including 47% o f the «-aikanes and 37% 
of the UCM had been removed (Figure 4.43C).
Gas chromatographs of the final day samples (see Figure 4.44) showed that neither of 
the anaerobic systems had any significant changes in chromatographic fingerprints when 
compared to fresh diesel sample used to contaminate the soil on day zero. Straight chain 
alkanes as low as n-C io, were still detectable in both anaerobic systems after 140 days o f 
incubation. In comparison the chromatographic fingerprint for static aerobic system 
showed that a large portion of the larger peaks (w-alkanes) had been removed.
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Figure 4.43. Trends in removal of different fractions of diesel in anaerobic microcosms. (A) 
Represent data for nutrient amended aerobic soil microcosm; (B) Anaerobic microcosm with 
inorganic nutrient amendment, (C) Anaerobic microcosm amended with nutrients and SBG. 
Error bars represent ± 1 std (n = 4).
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Figure 4.44. Chromatographic fingerprints of residual diesel in aerobic and anaerobic systems. 
Residual diesel from, (A) static aerobic microcosm amended with inorganic nutrients, (B) 
Anaerobic microcosm amended with inorganic nutrients, (C) Anaerobic microcosm treated with 
inorganic nutrients and SBG. Int 1 = internal standard 1-phenylhexane. Int 2 = internal standard 
1-phenyltridecane. Sg 1 = surrogate standard naphthalene.
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Microbial analysis was also carried out on the three systems and the results (Figure 4.45) 
show that the total numbers o f mesophilic microorganism in the anaerobic system which 
received inorganic nutrients increased slightly over the duration of the experiment. The
5 * 7numbers increased from 1.23x10 CFU/g soil (dry weight basis) to 1.0x10 by day 140 
in the nutrient amended anaerobic system. These numbers were significantly (P<0.05) 
lower than the numbers in the inorganic nutrient amended aerobic system. Amendment 
of the anaerobic microcosm with SBG significantly increased the total number o f 
mesophilic microorganisms. Numbers o f microorganisms in the SBG amended soil 
reached levels similar to those in the aerobic system which had received inorganic 
nutrients. However this increase in the microbial population due to SBG did not result in 
an enhancement in diesel removal. The above results would suggest that microorganisms 
were present in the anaerobic systems but the correct environmental conditions were not 
available for them to utilize the diesel.
Possible reasons why the biodégradation o f diesel under anaerobic conditions was so 
limited may be that alternative electron acceptors i.e. nitrate, sulfate, iron and carbon 
dioxide, were not present in large enough quantities. Bausum and Taylor (1986) reported 
that anaerobic metabolism of hydrocarbons must begin with the oxidation step, and 
therefore in the absence o f O2 an alternative electron acceptor must be present. When 
nitrate is the electron acceptor, a solution of water containing 50mg nitrate/L would 
require 90,000kg water to degrade 1kg hydrocarbon (Hinchee and Miller, 1990). In this 
study only a small amount of N O 3 (62mg/kg soil) was available as an alternative 
electron acceptor and it is highly probable that this deficiency of alternative electron 
acceptors was the explanation for the lack of biodégradation. Another possible 
explanation is that the acclimation period required for anaerobic degradation can be 
immediate, or it can take up to 18 months (Alexander, 1994) and therefore a longer 
period may have been required for the indigenous microbial population to become 
acclimatized.
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Figure 4.45. Comparison of total mesophilic bacteria in aerobic and anaerobic diesel 
contaminated soil. Error bars represent ± 1 std (n= 4).
The results o f this experiment demonstrated that anaerobic biodégradation o f diesel 
contaminated sandy soil occurred at a very slow rate, if at all. In the literature no studies 
on the anaerobic degradation o f diesel contamination were found for the direct 
comparison o f results. However, in a study by Grishchenkov et al. (2000) on the 
anaerobic degradation o f  crude oil, he reported that after 50 days o f  incubation 15-18% 
o f total extractable material, 20-25% o f some alkanes and 15-18% o f selected PAHs 
were degraded under anaerobic conditions. Bregnard et al. (1996) carried out an 
investigation on the anaerobic degradation o f a weathered diesel sample and found that 
the isoprenoids and UCM were only reduced to about 50% o f the initial concentration 
after 470 days o f incubation, in comparison to 91% in similar aerobic systems.
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From the experimental results o f this research, the following conclusions could be 
drawn.
•  The biosurfactants produced by Isolate A, a strain o f Pseudomonas aeruginosa, 
contained four different rhamnolipids unlike the majority o f Pseudomonads 
which produce biosurfactants with only two types o f rhamnolipids.
• The biosurfactants investigated in this research had a neutral effect on the 
biodégradation of diesel contaminated sandy soil. This was hypothesized as 
being due to the fact that the biosurfactants themselves were readily 
biodegradable.
• Whilst not advantageous in the bioremediation of diesel contaminated soil, the 
biosurfactants did significantly enhance the physical removal o f  diesel from the 
sandy soil compared to washing with water alone. O f the surfactants tested the 
biosurfactants from Isolate A was found to be the most effective.
• In bioremediation processes the type of aeration used had a significant effect on 
the abiotic removal o f diesel. Forced aeration resulted in the greatest abiotic 
removal while there was no significant difference between manually aerated and 
static systems.
• Amendment o f the diesel contaminated sandy soil with inorganic nutrients 
significantly enhanced the removal o f diesel and in particular the removal o f the 
/?-alkanes.
• Further amendment o f the diesel contaminated soil with organic materials 
significantly enhanced the biodégradation of all the diesel fractions monitored in
5.0 Conclusions
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this study, compared to inorganic nutrients only. O f the two organic materials 
SBG significantly enhanced removal in comparison to DMSBP.
• Pristane, an isoprenoid which up until recently was believed to be relatively 
resistant to biodégradation, was readily degraded in both organically amended 
soils, but especially in the SBG amended soil. This compound should no longer 
be used as a recalcitrant biomarker in soil bioremediation processes, and n- 
Ci7:pristane ratios should only be used as weathering indicators in the very early 
stages o f bioremediation, hours to days rather than weeks to months.
• The addition o f the different organic materials significantly enhanced the overall 
indigenous microbial population in soil. It was concluded from the results that by 
increasing the overall microbial populations the hydrocarbon degrading 
microorganisms are concomitantly increased.
• The forced aeration system significantly enhanced the biodégradation o f all 
diesel fractions in the SBG amended soil, compared to the manual aeration 
system.
•  Anaerobic degradation o f diesel, under the conditions used in this study, was 
minimal and the addition of SBG did not enhance this process.
• The main reason why SBG enhanced the biodégradation of diesel appears to be 
due to certain chemical components within the material and not due to physical 
conditioning of the contaminated soil by the SBG.
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Appendix 1.
Phosphate buffer, 20mM, (pH 7.0).
The 20mM phosphate buffer (pH 7.0) was made up according to the method by 
(Creedy, 1977). In brief, 0.02M stock solutions o f sodium dihydrogen phosphate 
(3.12 g o fN aH 2P 0 4.2H20  per litre) and disodium hydrogen phosphate (2.839 g of 
Na2HP04 per litre or 7.17 g o f NaHPC>4.12H20 per litre) were made up in deionised 
water. To make up the required 20mM buffer (pH 7.0), 19.5mls o f the stock solution 
o fN aH 2P 0 4 was added to 30.5mls of the Na2HP04 stock solution and made up to 
lOOmls with deionized water. This buffer was stored at 4°C for up to two months.
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Figure 1. Time course of growth, change in surface tension of culture broth and 
concentration of medium components during the cultivation of Isolate A, at room temperature 
in PPGAS medium, in flask culture.
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Figure 2. Surface activity profiles of undiluted and diluted culture medium during cultivation 
of Isolate A, at room temperature, in PPGAS medium, in flask culture.
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Figure 3. Time course of growth, change in surface tension of culture broth and 
concentration of medium components during the cultivation of Pseudomonas aeruginosa 
NCIMB 8626, at room temperature in PPGAS medium, in flask culture.
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Figure 4. Surface activity profiles of undiluted and diluted culture medium during cultivation 
of Pseudomonas aeruginosa NCIMB 8626, at room temperature, in PPGAS medium, in flask 
culture.
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Time (Days)
Figure 1. Variation in THEM in a diesel contaminated sandy soil treated with Biosurfactant 
produced by NCIMB 8626 and no inorganic nutrients. Pot 1 = abiotic control, Pot 2 = natural 
remediation, Pot 3 = Biosurfactant @ 10 x CMC, Pot 4 -  Biosurfactant @ 1 x CMC and Pot 
5 = Biosurfactant @ 0.1 x CMC (Error bars represent ± 1 STD, n = 4).
Time (Days)
Figure 2. Variation in THEM in a diesel contaminated sandy soil treated with Biosurfactant 
produced by Isolate A and no inorganic nutrients. Pot 1 = abiotic control, Pot 6 = 
Biosurfactant @ 3 x CMC, Pot 7 = Biosurfactant @ 1 x CMC and Pot 8 = Biosurfactant @ 
0.1 x CMC (Error bars represent ± 1 STD, n = 4).
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Figure 3. Chromatographic fingerprint o f residual diesel extracted from soil after 98 
days treatment with biosurfactants in the presence of inorganic nutrients, (a) Diesel 
contaminated soil amended with organic nutrients (b) inorganic nutrients + isolate A 
biosurfactant, (c) inorganic nutrient + Pseudomonas aeruginosa NCIMB 8626 
biosurfactant.
Appendix 5.
Table 1. Chemical composition of SBG (Chandler, P.T., 1993)
Eight Brewery Local ions
Nutrient Unit Mean Std. C.V.
Ash % 4.4 0.44 9.92
Calcium % 0.37 0.05 12.36
Phosphorus % 0.66 0.06 9.78
Magnesium % 0.26 0.02 6.26
Sodium % 0.02 0.005 22.8
Potassium % 0.09 0.02 18.12
Sulphur % 0.23 0.04 18.12
Iron ppm 148.09 21.77 14.70
Copper ppm 22.28 5.12 22.97
Manganese ppm 44.97 4.18 9.29
Zinc ppm 87.84 5.25 5.97
Composition of beet molasses which makes up 22 to 30 % of DMSBP (Ryan, 2002).
Appendix 6.
Table 1. Average values for vitamins (Ryan, 2002).
Vitamin Concentration mg/kg
Biotin 0.04/0.13
Folic Acid ca 0.2
Inositol 5800/8000
Ca-Oantothenate 50/100
Pyridoxine ca 5.4
Riboflavin ca 0.4
Thiamine ca 1.3
Nicotinic Acid 20/45
Choline 400/600
